6a.  NAME  OF  PERFORMING  ORGANIZATl 
University  of  Illinois 


6c  ADDRESS  (Oty,  State,  and  ZIP  Code) 
506  South  Wright  Street 
Urbana,  IL  61801 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

AFOSR 


8c  ADDRESS  fC/fy,  State,  and  ZIP  Code) 
Building  410 

Bolling  AFB,  DC  20332-6448 


.  NAME  OF  MONITORING  ORGANIZATION 


8b.  OFFICE  SYMBOL 
(If  applicable) 

NL 


7b.  ADDRESS  (C/ty,  State,  and  ZIP  Code) 

|\0  OoncciA  Soi-he. 

DC  “aossa-oo©/ 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

..nc.-on-r,,..  AFOSR-TR-  94  00  47 


AFOSR-90-0205 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO. 

wi.i55,^o 


PROJECT 

TASK 

NO. 

NO 

3484 

A4 

WORK  UNIT 
ACCESSION  NO. 


1 1 .  TITLE  (Include  Security  Classification) 

THE  ORGANIZATION  OF  THE  SUPRACHIASMATIC  CIRCADIAN  PACEMAKER  OF  THE  RAT  AND  ITS 
REGULATION  BY  NEUROTRANSMITTERS  AND  MODULATORS  (UNC) 


12.  PERSONAL  AUTHOR(S)  GILLETTE,  Martha;  CHEN,  Dong;  DEMARCO,  Steven;  DING,  Jian;  FAIMAN,  Lia; 
GALLMAN,  Eve;  MEDANIC,  Marija;  MICHEL,  Ann-Marie;  REA,  Michael  (USAF/SAM);  RICHARD,  Dan;  TCHE 


13b.  TIME  COVERED  jl4.  DATE  OF  REPORT  (Year,  Month.  Day)  |l5.  PAGE  COUNT  \Tom 


13a.  TYPE  OF  REPORT 

Final  Technical 


FROM90-4-1  T09 3-9-30  I  1994-2-2 


5  F  5  NWsi  + 


COSATI  CODES 


FIELD  GROUP  SUB-GROUP 


18.  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

Brain  slice.  Circadian  rhythm.  Electrophysiology,  Excitatory 
amino  acids.  Glutamic  acid  decarboxylase.  Neuropeptide  Y, 
Nitric  Oxide,  Pacemaker,  Serotonin 


19.  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number)  Our  research  addresses  the  cellular 
organization  and  regulation  of  a  biological  clock  that  controls  daily  (circadian)  rhythms  of 
behavior  (e.g.,  performance),  physiology  and  metabolism  in  mammals.  This  clock,  located  in 
the  brain's  supi-achiasmatic  nucleus  (SCN),  can  be  removed  in  a  slice  of  hypothalamus,  main¬ 
tained  in  a,  lile  support  system  for  up  to  3  days  and  studied  directly.  Using  this  approach, 
progress  in  the  3  1/2  years  of  this  award  has  been  made  in:  1)  localizing  time-keeping 
properties  within  the  SCN  of  rat,  2)  identifying  electrophysiological  properties  of  neurons 
in  the  major  SCN  subdivisions,  3)  establishing  regulatory  roles  for  serotonin,  a  neuro- 
modulatory  input  from  the  brain's  arousal  center  in  the  raphe  nuclei,  as  well  as  for  neuro¬ 
peptide  Y,  an  input  from  the  intergeniculate  area,  4)  determining  the  level  of  glutamic 
acid  decarboxylase  (GAD),  the  biosynthetic  enzyme  for  the  inhibitory  neurotransmitter  GABA, 
in  SCN  over  the  circadian  cycle,  and  5)  examining  the  involvement  of  glutamate/nitric  oxide 
signal  transduction  in  mediating  light  entrainment  of  the  SCN  through  retinal  inputs.  This 
project  involves  both  individual  and  interactive  research  projects  at  the  University  of 
Illinois  and  the  USAF  School  of  Aerospace  Medicine. _ 


20.  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT  21  ABSTRACT  SECURITY  CLASSIFICATION 

DSuNCLASSIFIED/UNLIMITEO  □  SAME  as  RPT  DdTIC  USERS 


22b.  TELEPHONE  (/nc/ode  Area  Coc/e)  22c.  OFFICE  SYMBOL 
(217)  244-1355  /UL 


DO  FORM  1473. 84  mar 


83  APR  edition  may  be  used  until  * 


All  o^her  editions  are  obsolete. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


Reproduced  From 
Best  Available  Copy 


la.  REPORT  SECURITY  CLASSIFICATION 
UNC 


2a  SECURITY  CLASSIFICATION  AUTHORITY 


2b.  DECLASSIFICATION /DOWNGRAOIN 


4.  PERFORMING  ORGANIZATION  REPO 


6a.  NAME  OF  PERFORMING  ORGANIZATl 
University  of  Illinois 


6c  ADDRESS  (Cty,  State,  and  2IPCode) 
506  South  Wright  Street 
Urbana,  IL  61801 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

AFOSR 


8c  ADDRESS  (C/ty,  State,  and  ZIP  Code) 
Building  410 

Bolling  AFB,  DC  20332-6448 


8b  OFFICE  SYMBOL 
(If  applicable) 

NL 


(KINGS 

NONE _ 


3.  DISTRIBUTION /AV/LILABILITY  OF  REPORT 

rovod  for  pi:Vil  Jc  release  ; 

t :  Lributivo  u;;!  ixitcd. 


5.  MONITORING  ORGANIZATION  REPORT  NUMBERIS) 


NAME  OF  MONITORING  ORGANIZATION 

ftWDSieyMi- 


7b  ADDRESS  (Oty,  State,  and  ZIP  Code) 

II O  OoncaA 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

AFOSR'TH*  94  00  47 


AFOSR-90-0205 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO. 


PROiEa 

TASK 

NO. 

NO 

3484 

A4 

WORK  UNIT 


1 1  TITLE  (Include  Security  Classification) 

THE  ORGANIZATION  OF  THE  SUPRACHIASMATIC  CIRCADIAN  PACEMAKER  OF  THE  RAT  AND  ITS 
REGULATION  BY  NEUROTRANSMITTERS  AND  MODULATORS  (UNC) 


12.  personal  AUTHOR(S)  GILLETTE,  Martha;  CHEN,  Dong;  DEMARCO,  Steven;  DING,  Jian;  FAIMAN,  Lia; 
GALLMAN,  Eve;  MEDANIC,  Marija;  MICHEL,  Ann-Marie;  REA,  Michael  (USAF/SAM);  RICHARD.  Dan;  TCH 


13a.  TYPE  OF  REPORT  jl3b.  TIME  COVERED  14.  DATE  OF  REPORT  {Year,  Month,  Day)  15  PAGE  COUNT  \Toin 

Final  Technical  i  FROM  90-4-1  T09 3-9-30  1994-2-2  5  f  5  NW\s  +  S(\V)sh 


COSATI  CODES 


SUB-GROUP 


18.  SUBJECT  TERMS  (Continue  on  reverje  if  necessary  and  identify  by  block  number) 

Brain  slice.  Circadian  rhythm.  Electrophysiology,  Excitatory 
amino  acids.  Glutamic  acid  decarboxylase.  Neuropeptide  Y, 
Nitric  Oxide,  Pacemaker,  Serotonin 


19.  ABSTRACT  (Continue  on  reuerje  if  nece»a/y  and  lotenfi^  by  Wock  number)  Qur  research  addresses  the  cellular 
organization  and  regulation  of  a  biological  clock  that  controls  daily  (circadian)  rhythms  of 
behavior  (e.g.,  performance),  physiology  and  metabolism  in  mammals.  This  clock,  located  in 
the  brain's  suprachiasmatic  nucleus  (SCN),  can  be  removed  in  a  slice  of  hypothalamus,  main¬ 
tained  in  a  lile  support  system  for  up  to  3  days  and  studied  directly.  Using  this  approach,  i 
progress  in  the  3  1/2  years  of  this  award  has  been  made  in:  1)  localizing  time-keeping  | 

properties  within  the  SCN  of  rat,  2)  identifying  electrophysiological  properties  of  neurons 
in  the  major  SCN  subdivisions,  3)  establishing  regulatory  roles  for  serotonin,  a  neuro- 
modulatory  input  from  the  brain's  arousal  center  in  the  raphe  nuclei,  as  well  as  for  neuro¬ 
peptide  Y,  an  input  from  the  intergeniculate  area,  4)  determining  the  level  of  glutamic 
acid  decarboxylase  (GAD),  the  biosynthetic  enzyme  for  the  inhibitory  neurotransmitter  GABA, 
in  SCN  over  the  circadian  cycle,  and  5)  examining  the  involvement  of  glutamate/nitric  oxide 
signal  transduction  in  mediating  light  entrainment  of  the  SCN  through  retinal  inputs.  This 
project  involves  both  individual  and  interactive  research  projects  at  the  University  of 

Illinois  and  the  USAF  School  of  Aerospace  Medicine,. _ _ _ 

20.  DISTRIBUTION /AVAILABILITY  Of  ABSTRACT  121  ABSTRACT  SECURITY  CLASSIFICATION  - - 

QuNCLASSIflED/UNLIMlTED  □  SAME  AS  RPT  □  DTIC  USERS  I 


22a  NAME  OF  RESPONSIBLE  INDIVIOUA 
Dr.  Martha  U.  Gillette 


22b.  TELEPHONE  (/nc/ude  Area  Code)  22c  OFFICE  SYMBOL 
(217)  244-1355  fJC 


ECURITY 


CLASSIFICATION  OF  THIS  PAGE 


Approv^^  ^0-  pvhlic  releas»| 
uaiiiaitedt. 


Report  AFOSR  90-0205 


THE  ORGANIZATION  OF  THE  SUPRACHIASMATIC  CIRCADIAN 
PACEMAKER  OF  THE  RAT  AND  ITS  REGULATION  BY 
NEUROTRANSMITTERS  AND  MODULATORS 


Martha  U.  Gillette 

Department  of  Cell  &  Structural  Biology 
University  of  Illinois 
506  Morrill  Hall,  505  S.  Goodwin  Ave. 
Urbana,  IL  61801 


February  2,  1994 

Final  Technical  Report:  1  April,  1990  -  30  September,  1993 


Prepared  for 

AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH/NL 
Building  410 

Bolling  AFB,  DC  20332-6448 


’ipprov'-'  "  ’-•’blic  release  ; 

din  -  .  iiimited.  GILLETTE,  Martha  U. 

Final  Technical  Report:  AFOSR  90-0205 

THE  ORGANIZATION  OF  THE  SUPRACHIASMATIC  CIRCADIAN  PACEMAKER  OF 
THE  RAT  AND  ITS  REGULATION  BY  NEUROTRANSMITTERS  AND  MODULATORS 

AFOSR  90-0205 


RESEARCH  OBJECTIVES 

In  mammals,  the  suprachiasmatic  nucleus  (SCN)  of  the  hypothalamus  is  a  circadian 
pacemaker  that  serves  a  well-defined,  critical  role  in  the  generation  and  entrainment  of 
daily  rhythms  of  physiological,  metabolic  and  behavioral  functions.  The  SCN  contain  an 
endogenous  pacemaker  that  generates  near  24-hr  SCN  rhythms  of  electrical  activity  and 
vasopressin  secretion.  Outputs  from  this  central  pacemaKer  time  cellular,  tissue  and 
organismic  circadian  rhythms.  All  circadian  rhythms  are  reset  by  changes  in  environmen¬ 
tal  lighting,  which  can  affect  the  SCN  through  inputs  from  the  retina,  intergeniculate  leaflet 
or  the  raphe.  However,  little  is  known  about  the  way  in  which  the  neuronal  componerits  of 
the  SCN  are  organized  to  carry  out  time-keeping  or  to  analyze  phase-resetting  information. 
This  study  sought  to  determine  1)  the  functional  organization  of  the  SCN  by 
electrophysiological  analyses  of  regional  distribution  of  pacemaking  properties  and 
neuronal  characteristics,  as  well  as,  2)  SCN  responses  to  extrinsic  and  intrinsic 
neurotransmitters  and  modulators. 

We  used  the  rat  hypothalamic  brain  slice  to  study  the  functional  organization  of  the  SCN 
directly.  Our  work  has  established  that  circadian  pacemaking  and  resetting  properties  are 
endogenous  to  the  SCN  and  can  be  studied  in  vitro.  In  the  studies  undertaken  during  this 
award,  the  circadian  rhythm  of  SCN  electrical  activity  was  recorded  continuously  in  intact 
and  microdissected  slices  of  rat  hypothalamus  for  32  nr  after  slice  preparation.  Persistence  of 
a  rhythm  in  microdissected  subre^ons  was  determined.  Whole  cell  recording  in  slice  of 
single  SCN  neurons  was  performed  over  the  circadian  cycle  to  assess  the  range  of 
electrophysiological  characteristics  in  each  SCN  region  together  with  diurnal  changes  in 
electrical  properties.  The  neuromodulators  serotonin  ana  neuropeptide  Y  were  applied 
focally  with  micropipette,  and  effects  on  the  phasing  of  the  electrical  activity  rhythm 
determined  for  24-48  hr  after  treatment.  Additionally,  the  levels  of  glutamic  acid 
decarboxylase  (GAD),  the  biosynthetic  enzyme  for  the  inhibitory  neurotransmitter  GABA, 
was  assessed  over  the  circadian  cycle.  In  experiments  directed  at  understanding  regulation 
by  retinohypothalamic  afferents.  Dr.  Rea's  lab  at  the  USAF-SAM  has  examined  release  of 
excitatory  amino  acids,  field  potential  activity  and  pharmacological  blockade  in  SCN  upon 
stimulation  of  the  optic  nerve,  and  nitric  oxide  synthase  (NOS),  a  possible  mediator  of 
glutamate  stimulation.  Finally,  we  have  collaborated  with  Dr.  Rea  in  experiments  that 
identify  components  of  the  mechanism  by  which  light,  the  major  environmental  stimulus 
for  entrainment  of  daily  rhythms,  adjusts  the  SCN.  Our  studies  together  demonstrate  that 
glutamate,  working  through  nitric  oxide-a  cyclic  AMP  binding  protein  phosphorylation-c/os 
induction,  in  the  major  regulator  of  circadian  rhythms  at  night. 

The  main  hypotheses  tested  in  this  study  were:  1)  pacemaking  properties  are  distributed 
throughout  the  SCN;  2)  the  neurons  of  the  SCN  are  homogeneous  with  respect  to  their 
electrical  and  pacemaking  properties;  3)  neuromodulators  from  inputs  implicated  in 
phase-shifts  or  behavior  by  dark  pulses  (serotonin  from  the  raphe,  neuropeptide  Y  from  the 
intergeniculate)  are  effective  phase-shifting  agents  for  SCN  during  the  circadian  day;  4) 

GAD  levels  are  constant  over  the  circadian  cycle;  and  5)  light  iiuormation  carried  by  the 
retinohypothalamic  tract  affects  the  SCN  via  excitatory  amino  acids  {viz.,  glutamate). 

The  long-term  goal  of  these  studies  has  been  to  understand  how  neurons  of  the  SCN  are 
organizea  to  generate  a  24-hr  biological  clock  and  what  role  specific  neurotransmitters  and 
modulators  play  in  the  pacemaking  and  resetting  process.  Because  the  SCN  integrate  most 
circadian  benaviors  and  metabolic  fluxes,  this  stuay  has  basic  relevance  to  understanding 
circadian  dysfunction  induced  by  transmeridian  travel  and  sustained,  irregular  work 
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schedules,  with  application  to  improving  human  performance  under  conditions  that 

induce  circadian  desynchronization. 

In  accord  with  a  directive  from  Dr.  Haddad,  Program  Manager  of  tine  Chronobiology 

Initiative,  the  body  of  this  report  will  be  our  publication  in  Journal  of  Biological  Rhythms 

vol.  8,  Supplement,  1993,  pp.  S53-S58,  which  follows. 
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COLLABORATIONS 

With  Dr.  Mike  Rea  (USAF-SAM,  Brooks  AFB)  we  have  undertaken  a  number  of 
collaborative  experiments.  The  most  productive  interactions  have  been  oriented  around 
the  hypothesis  that  light  induced  phase-shifts  might  be  mediated  through  glutamate 
stimulation  of  nitric  oxide  synthase,  followed  by  activation  of  guanyl  cyclase.  These  should 
lead  to  induction  of  phosphorylation  of  cyclic  AMP  response  element  binding  protein 
(CREB)  and  Fos  expression  in  tne  SCN.  Todd  Weber,  an  Air  Force  Graduate  ftllow  in  my 
lab,  has  made  a  number  of  attempts  to  measure  cGMP  levels  stimulated  by  glutamate  in 
cerebellum,  the  tissue  in  which  this  pathway  was  first  described  (Bredt  ana  ^yder,  1991.) 
These  have  produced  highly  variable  results;  since  Todd  is  extremely  e>^erienced  in  this 
technique,  we  have  put  the  project  on  hold  while  we  try  to  implicate  NO  synthase  more 
directly  in  light-induced  phase-shifts.  This  fall,  Todd  spent  3  months  in  Dr.  Mike  Rea's  lab 
at  USAF-SAM  where  he  conducted  experiment  that  strongly  implicate  nitric  oxide  in  the 
signal  transduction  pathway  by  which  light  reset  behavioral  rhythms  in  hamsters.  This 
work  is  fully  complementary  to  the  studies  of  Dr.  Ding  reported  above.  Todd,  Dr.  Rea  and  I 
are  preparing  a  manuscript  reporting  these  findings  presently. 

I  have  valued  the  intelluctual  company  of  several  members  of  the  group  funded  by 
AFOSR  including  Mike  Rea,  Ed  Dudek  and  David  Earnest.  They  have  been  ever  available 
for  consultation  or  discussion  of  methods  and  results  in  these  studies. 


SUMMARY  OF  PROGRESS 


1)  The  preponderance  of  data  suggest  that  the  SCN  pacemaker  is  relatively  distributed  and 
is  organized  primarily  in  the  VL-SCN,  the  region  receiving  afferent  fibers  from  regulatory 
brain  regions. 

2)  Neurons  of  the  SCN  are  not  homogeneous,  but  rather  represent  a  diverse  population 
with  a  range  of  electrophysiological  characterishcs.  Based  on  other  descriptive  studies  of 
pacemaker  neurons  in  other  brain  regions,  some  of  these  characteristics  might  be  expected 
to  be  found  in  oscillatory  neurons. 

3)  Serotonin  and  NPY  are  both  potent  regulators  of  the  SCN  when  briefly  and  focally 
applied.  They  induce  phase-advances  during  the  daytime  porhon  of  the  circadian  cycle 
only;  at  nighttime  they  are  without  effect  when  applied  focally  to  the  site  that  raphe 
afferents  terminate.  Serotonin  appears  to  act  through  a  5HTiA-like  receptor  via  a  pertussis- 
sensitive  G  protein.  Half  maximal  responses  are  achieved  at  10"^  M. 

4)  Glutamic  acid  decarboxylase  (GAD)  levels  undergo  significant  diurnal  variation  over  the 
circadian  cycle.  Initial  experiments  suggest  it  unlikely  that  nitric  oxide  synthase  links 
glutamate  receptor  stimulation  to  enhanced  cGMP  levels. 

5)  Glutamate  applied  directly  to  the  SCN  produces  a  light-like  phase  response  curve,  and 
activates  a  nitric  oxide  generating  pathway  that  leads  to  CREB-r.  This  supports  the  evidence 
that  the  effects  of  light  on  circadian  rhythms  of  animals  is  mediated  by  glutamate  at  the 
retinohypothalamic  tract  afferents  to  the  SCN. 
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Abstract  The  long-tenn  goal  of  our  tesearch  is  to  understand  how  cells  of  the  suprachiasmatic  nucleus 
(SCN)  are  organized  to  form  a  24-hr  biological  clock,  and  what  roles  specific  neurotransmitters  and 
modulators  play  in  timekeeping  and  resetting  processes.  We  have  been  addressing  these  questions  by 
assessing  the  pattern  of  spontaneous  neuronal  activity,  using  extracellular  and  whole-cell  patch  re¬ 
cording  techniques  in  long-lived  SCN  brain  slices  from  rats.  We  have  observed  that  a  robust  pacemaker 
persists  in  the  ventrolateral  region  of  microdissected  SCN,  and  have  begun  to  define  the  electrophysio- 
logical  properties  of  neurons  in  this  region.  Furthermore,  we  are  investigating  changing  sensitivities 
of  the  SCN  to  resetting  by  exogenous  neurotransmitters,  such  as  glutamate,  serotonin,  and  neuropep¬ 
tide  Y,  across  the  circadian  cycle.  Our  findings  emphasize  the  complexity  of  organization  and  control 
of  mammalian  circadian  timing. 


Key  words  brain  slice,  glutamate,  neuropeptide  Y,  rat,  serotonin,  suprachiasmatic  nucleus, 
ventrolateral  SCN,  whole-cell  patch  recording 


The  central  role  of  the  suprachiasmatic  nuclei  (SCN)  in  the  mammalian  circadian  system  is 
well  established.  An  endogenously  pacemaking  tissue,  the  SCN  exhibit  a  near-24-hr  period 
in  intrinsic  rhythms  of  electrical  activity  and  vasopressin  secretion  (Earnest  and  Sladek, 
1987;  Gillette  and  Reppert,  1987;  Prosser  and  Gillette,  1989).  Outputs  from  this  central 
pacemaker  supply  a  time  base  for  circadian  rhythms  in  cellular,  tissue,  and  organismic 
functions.  Behavioral  circadian  rhythms  are  reset  differentially  over  the  24-hr  circadian  cycle 
by  variables  that  include  environmental  lighting  (DeCoursey,  1964;  Boulos  and  Rusak,  1982) 
and  activity  state  (Mrosovsky  and  Salmon,  1987).  These  phase-resetting  stimuli  must  affect 
the  SCN  through  input  pathways,  such  as  those  from  the  retina  (Moore  and  Lenn,  1972), 
intergeniculate  leaflet  (Swanson  et  al.,  1974;  Card  and  Moore,  1982),  or  dorsal  raphe 
(Aghajanian  et  al.,  1969;  Moore  et  al.,  1978).  However,  little  is  known  about  the  way  in 
which  the  cellular  components  of  the  SCN  are  organized  to  carry  out  timekeeping  or  to 
analyze  phase-resetting  information.  We  have  been  seeking  to  determine  (1)  the  functional 
organization  of  the  SCN  through  electrophysiological  analyses  of  regional  distribution  of 
pacemaking  properties  and  neuronal  characteristics,  as  well  as  (2)  the  circadian  nature  of 
SCN  pacemaker  regulation  by  neurotransmitters  and  modulators. 

We  have  been  using  the  hypothalamic  brain  slice  (Hatton  et  al.,  1980)  to  study  the 
functional  organization  of  the  SCN  directly.  Slices  are  prepared  from  Long-Evans  rats. 
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raised  to  5-10  weeks  of  age  on  a  light-dark  cycle  (LD  12:12)  in  our  inbred  colony.  Our 
previous  woric  established  that  circadian  pacemaking  and  resetting  properties  are  endogenous 
to  the  SCN  in  slices  and  can  be  analyzed  in  vitro  (for  a  review,  see  Gillette,  1991).  The 
circadian  rhythm  of  SCN  electrical  activity  was  recorded  extracellularly  in  intact  and  micro- 
dissected  slices  of  rat  hypothalamus  for  1-3  days  after  slice  preparation.  Persistence  of  a 
rhythm  in  microdissected  subregions  was  examined.  Whole-cell  patch  recording  in  slices 
(Blanton  et  al.,  1989)  of  single  SCN  neurons  was  performed  over  the  circadian  cycle  to 
assess  the  range  of  electrophysiological  features  of  SCN  neurons,  together  with  diurnal 
changes  in  electrical  properties.  Neurotransmitters  and  neuromodulators  were  applied  focally 
with  a  micropipette  to  their  SCN  projection  sites;  effects  on  the  phase  of  the  electrical  activity 
rhythm  were  determined  from  the  behavior  of  the  ensemble  of  single  units.  In  addition,  the 
levels  of  glutamic  acid  decarboxylase  (GAD,  the  biosynthetic  enzyme  for  the  inhibitory 
neurotransmitter  -y-aminobutyric  acid  (GABAJ)  in  SCN  micropunched  from  brain  slices  were 
assessed  over  the  circadian  cycle  by  Western  blotting.  I"  experiments  aimed  at  understanding 
regulation  by  retinohypothalamic  afferents.  Dr.  Michael  Rea’s  laboratory  has  examined 
several  parameters  after  stimulation  of  the  optic  nerve  (the  release  of  excitatory  amino  acids, 
field  potential  activity,  and  sensitivity  to  pharmacological  blockade  of  SCN  in  vitro)',  these 
results  are  discussed  in  the  paper  by  Rea  and  colleagues  in  this  issue. 

Hypotheses  tested  in  our  research  include  the  following;  (1)  Pacemaking  properties  are 
distributed  throughout  the  SCN;  (2)  the  neurons  of  the  SCN  are  homogeneous  with  respect 
to  their  electrical  and  pacemaking  properties;  (3)  neuromodulators  from  inputs  implicated 
in  phase  shifts  of  behavior  by  dark  pulses  (serotonin  (5-HT]  from  the  raphe,  neuropeptide 
Y  (NPY)  from  the  intergeniculate  leaflet)  are  effective  phase-shifting  agents  for  SCN  during 
the  circadian  day;  (4)  GAD  levels  are  constant  over  the  circadian  cycle;  and  (5)  light 
information  carried  by  the  retinohypothalamic  tract  affects  the  SCN  via  excitatory  amino 
acids  (viz.,  glutamate).  Our  progress  toward  evaluating  these  hypotheses  is  presented  here. 

Regarding  the  first  hypothesis,  cellular  organization  of  the  SCN  pacemaker  was  exam¬ 
ined  by  determining  whether  regional  variation  in  the  circadian  oscillation  in  ensemble 
neuronal  activity  was  expressed  in  the  intact  SCN  brain  slice.  Post  hoc  analysis  of  the  pattern 
of  activity  recorded  on  day  2  in  vitro  revealed  that,  indeed,  both  the  ventrolateral  (VL)  and 
dorsomedial  (DM)  subregions  of  the  SCN  exhibited  pronounced  activity  peaks  (Tcheng  et 
al.,  1989).  These  were  not  apparently  altered  by  bisecting  the  brain  slice  at  the  base  of  the 
third  ventricle,  which  severs  connections  between  the  bilaterally  paired  .SCN.  In  other  words, 
each  SCN  appears  to  be  an  autonomous  pacemaker. 

The  rat  SCN  pact  er  has  two  natural  anatomical  subdivisions:  (1)  the  VL  SCN,  site 
of  the  relatively  larger  neurons  (mean  diameter  9.6  ±  1 .5  p.m),  including  those  containing 
vasoactive  intestinal  peptide  (VIP)  upon  which  afferents  from  the  retina,  intergeniculate 
leaflet,  and  dorsal  raphe  form  synapses  (van  den  Pol  and  Tsujimoto,  1985;  Guy  et  al.,  1987); 
and  (2)  the  DM  SCN,  which  is  composed  of  relatively  smaller  va.sopressin-containing  neurons 
(mean  diameter  7.8  ±  0.9  ^m)  that  give  rise  to  numerous  efferent  fibers  (van  den  Pol, 
1980).  We  hemisected  each  SCN  so  as  to  separate  the  VL  SCN  from  the  DM  SCN,  in  order 
to  determine  the  pacemaking  ability  of  each  region.  When  activity  in  a  single  intact  SCN 
was  monitored  continuously  for  32  hr,  the  characteristic  sinusoidal  circadian  pattern  in  firing 
frequency  (Gillette  and  Prosser,  1988)  was  observed  with  high-amplitude  peaks  at  24-hr 
intervals  (Gillette  et  al.,  1992).  Surprisingly,  hemisection  did  not  affect  this  pattern  in  the 
VL  SCN,  whereas  amplitude  and  shape  of  the  neuronal  activity  rhythm  appeared  altered  in 
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the  DM  SCN  after  surgical  isolation  (Tcheng  and  Gillette,  1990;  Gillette  et  al.,  1992).  These 
preliminary  results  are  consistent  with  the  alternative  to  the  hypothesis  tested — namely,  that 
there  may  be  localization  of  pacemaking  function  within  the  SCN. 

In  order  to  address  the  second  hypothesis  (the  issue  of  neuronal  heterogeneity  at  the 
cellular  level),  we  have  begun  to  examine  individual  neurons  of  the  SCN,  using  the  whole¬ 
cell  patch  recording  technique  (Blanton  et  al.,  1989)  in  the  rat  brain  slice.  Initial  efforts  were 
concentrated  in  the  VL  SCN,  although  we  have  recently  begun  to  extend  our  observations  to 
the  DM  SCN.  By  using  this  approach,  we  have  found  the  SCN  to  be  composed  of  a  variety 
of  electrophysiologically  distinct  cell  types  (Gallman  et  al.,  1991;  Gallman  and  Gillette, 
1993).  Our  observations  challenge  the  hypothesis,  which  had  been  suggested  by  early  workers 
in  the  field  (Wheal  and  Thompson,  1984),  that  the  SCN  is  electrically  homogeneous.  Further¬ 
more,  preliminary  findings  concerning  DM  SCN  neurons  do  not  contradict  the  alternative 
hypothesis — that  there  are  regional  differences  in  properties  of  neurons  of  the  VL  and 
DM  SCN. 

The  third  hypothesis  concerns  the  potential  role  of  S-HT  and  NPY  in  mediating  phase 
shifts  induced  by  behavioral  arousal  and  dark  pulses,  respectively.  This  was  tested  by 
applying  a  30-fl  droplet  of  either  10~*  m  5-HT  or  NPY  to  the  VL  SCN  in  brain  slices. 
Effects  upon  the  rhythms  of  neuronal  activity  of  5-min  microdrop  applications  at  various 
points  in  the  circadian  cycle  were  assessed  over  1-2  days  posttreatment.  These  experiments 
were  designed  to  evaluate  the  permanence,  receptor  specificity,  and  dose  dependency  of 
phase  changes,  compared  to  the  responses  of  controls  treated  with  microdrops  of  medium. 
SCN  sensitivity  to  5-HT  was  restricted  to  the  subjective  day  (circadian  times  2-11  (CTs 
2- 1 1 J,  with  peak  phase  advance  occurring  at  CT  7  (Fig.  1 ).  Both  5-carboxyamidotryptamine 
(5-CT),  a  5-HT,  receptor  agonist,  and  8-hydroxy-2-n-propylamino)-tetralin  (8-OH-DPAT), 
an  agonist  specific  for  the  S-HTj^  receptor  subtype,  also  induced  large  advances  in  the  peak 


Circadian  Time  (hr) 


Fioorp.  1 .  Phase  response  curve  relating  the  time  of  5-HT  treatment  to  the  time  of  appearance  of  the 
peak  in  ensemble  neuronal  firing  rate  in  the  next  circadian  cycle.  For  treatments  at  CT  7,  the  time  of 
maximal  phase  advance,  activity  was  monitored  for  2  days  posttreatment.  The  peak  on  day  .3  appeared 
at  CT  0,  24  hr  after  that  on  day  2.  demonstrating  that  the  phase  shift  measured  on  day  2  was  complete. 
The  hatched  horizontal  bar  rcpre.sents  subjective  night.  Adapted  from  Mcdanic  and  Gillette  (IW2a.) 
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of  the  electrical  activity  rhythm  in  SCN  in  vitro;  these  treatments  were  without  effect  during 
the  subjective  night  (Medanic  and  Gillette,  1992a).  Thus,  the  regulatory  effect  of  S-HT  on 
the  neurons  of  the  VL  SCN  appears  to  be  mediated  through  a  S-HT,a  receptor  subtype. 
Interestingly,  the  SCN  in  slices  shows  both  late-day  and  late-night  windows  of  sensitivity 
to  NPY-induced  phase  resetting  (Medanic  and  Gillette,  1993).  The  daytime  period  of  sensitiv¬ 
ity  to  NPY  is  distinct  from,  but  overlaps  with,  the  latter  portion  of  5-HT  sensitivity  (Medanic 
and  Gillette,  1992b).  These  results  are  consistent  with  roles  for  5-HT  and/or  NPY  in  nonphotic 
(Mrosovsky  and  Salmon,  1987)  and/or  dark-pulse  (Boulos  and  Rusak,  1982;  Ellis  et  al., 
1982;  Albers  and  Ferris,  1984)  entrainment  processes. 

Next,  we  examined  the  hypothesis  that  levels  of  GAD  remain  constant  over  the  circadian 
cycle.  GAD  is  the  biosynthetic  enzyme  for  the  most  abundant  inhibitory  neurotransmitter 
in  the  SCN,  GABA.  Between  50%  and  100%  of  SCN  neurons  are  GAD-positivc  (van  den 
Pol  and  Moore,  personal  communication).  GAB.A-ergic  neurons,  those  containing  GAD, 
are  distributed  throughout  the  nucleus  (van  den  Pol  and  Tsujimoto,  1985),  and  GABA 
administration  inhibits  65%  of  SCN  neurons  (Liou  et  al.,  1990).  The  amplitude  of  the  daily 
oscillation  of  mean  spontaneous  firing  frequency  for  rat  SCN  neurons  shows  an  excursion 
between  8  Hz  at  midday  and  2  Hz  at  midnight.  This  may  be  regulated,  at  least  in  pan,  by 
changing  GABA  levels,  which  in  turn  would  be  controlled  by  changing  GAD  levels  and/or 
GAD  activity  over  the  course  of  the  circadian  cycle.  To  enable  us  to  evaluate  this  issue. 
SCi  1  from  brain  slices  maintained  in  vitro  were  rapidly  frozen  on  dry  ice,  and  the  SCN  were 
removed  by  micropunch.  Western  blot  analysis  of  the  two  major  GAD  isozymes,  GAD^, 
and  GADj7,  demonstrated  that  both  were  present  in  SCN  at  the  four  6-hr  intervals  examined, 
and  that  the  levels  underwent  a  significant  circadian  variation  (Richard  et  al.,  1991).  Whether 
circadian  modulation  of  GAD  activity  also  affects  GABA  biosynthesis  in  the  SCN  is  currently 
under  investigation. 

The  fifth  hypothesis  tested  in  this  research  regards  the  potential  role  of  excitatory  amino 
acids  in  mediating  the  effects  of  light  at  night  in  this  system.  These  experiments  have  been 
addressed  primarily  by  Dr.  Michael  Rea’s  laboratory,  as  discussed  in  Rea  et  al.'s  paper  in 
this  issue.  Our  laboratory  has  begun  to  evaluate  the  effect  on  the  circadian  rhythm  of  ensemble 
neuronal  activity  of  the  excitatory  amino  acid  glutamate  (GLU).  GLU  (at  10  ’  m  in  a  1-p.l 
droplet  of  medium)  was  applied  for  10  min  to  one  SCN  in  vitro.  Preliminary  results  suggest 
that  this  brief  GLU  application  can  induce  both  phase  delays  and  advances  al  night,  and 
strengthens  the  possibility  that  Gl-U  may  mediate  the  phase-shifting  effects  of  light  on  the 
SCN  pacemaker. 

With  the  finding  that  pacemaking  properties  reside  in  the  VL  SCN  (at  least),  we  can 
proceed  to  focus  upon  the  eicctrophysiological  prof)crties  of  this  region  Differences  between 
the  VL  and  DM  SCN  will  be  interesting  to  document.  Circadian  periods  of  sensitivity  to 
5-HT,  NPY,  and  GLU,  tentatively  described  in  this  report,  differ  from  those  we  have 
described  for  cyclic  adenosine  monophosphate  (Prosser  and  Gillette,  1989),  cyclic  guanosine 
monophosphate  (Prosser  et  al  ,  1989)  and  melatonin  (McArthur  et  al.,  1991).  emphasizing 
the  complexity  of  SCN  regulatory  processes.  Because  the  SCN  integrate  most  circadian 
behaviors  and  metabolic  fluxes,  this  research  has  basic  relevance  to  understanding  circa¬ 
dian  dysfunction  induced  by  transmeridian  travel  and  sustained  irregular  work  schedules, 
with  application  to  improving  human  performance  under  conditions  that  induce  circadian 
desynchronization. 
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SIMMAKV 

1.  The  siiprachiasmatie  niieleiis  (SC'X)  of  the  hv))othalatmis  is  the  piimarv 
jjaeeinaker  for  cir<;a(liaii  rhyt  hms  in  mammals.  Th.'  24  h  pacemaker  is  etuiogenoiis  to 
the  S('X  and  [n’lsists  for  multiple  cycles  in  the  siiprachiasmatie  brain  slice. 

2.  While  serotonin  is  not  endo^.'iious  to  thi'  SCX.  a  major  inidhrain  hyjiothalamic 
atferent  pathway  is  serotonergic.  Witliin  this  tract  the  dorsal  rajihe  nucleus  sends 
ilirect  projections  to  the  ventrolateral  |)ortions  of  rh(‘  SCX.  We  investigated  a 
possible  regulatory  role  for  serotonin  in  the  mammalian  circadian  system  hy 
e.xamining  its  effect,  when  applied  at  projection  sites,  on  the  circadian  rhythm  of 
neuronal  activity  in  rat  SCX  in  vitro. 

3.  Eiglit -week-old  male  rats  from  our  inhri'd  colony,  housi'd  on  a  12  h  light :  12  h 
riark  schedule,  were  used.  Hypothalamic  brain  slice's  containing  the  paired  SCX  were 
prepared  in  the  day  and  maintaineel  in  glucose  and  l)icarbonate-sup))lemented 
balanced  salt  .solution  for  up  to  ">.3  h. 

4.  A  KC”  ml  drop  of  ItC'*  .M-si'rotonin  (o-hydro.vytrvptamine  (o-HT)  creatinine 
sul|)hate  com|)lex)  in  medium  was  ap|>li('d  to  th<'  vi'iitrolateral  portion  of  one  of  tlu' 
SCX  for  b  mill  on  the  first  day  in  vitro.  'I'lie  effect  of  the  treatment  at  each  of  seven 
time  jioints  acro.ss  th<'  circadian  cycle  was  examiiH'd.  'I'he  rhythm  of  sp. mtaiu'ous 
neuronal  activity  was  recor.letl  ('xtracellularly  on  the  si'cond  and  third  days  in  vitro. 
1 ’ha.se  shifts  wi'rc  ik'ti'rmined  by  comparing  the  time-of-pi'ak  of  neuronal  activity  in 
serotonin-  vs.  media-treati'd  slices. 

.').  Appl  ication  of  serotonin  during  t  he  subject  ive  day  induci'd  significant  advances 
in  the  phase  of  the  electrical  activity  rhythm  (a  =  If).  The  most  si'iisitive  time  of 
treatment  was  ('T  7  (circailian  time  7  is  7  h  after  'lights  on'  in  tlu'  animal  colony), 
when  a  7-(l  +  (l-l  h  phase  advance  was  observed  (n  =  3).  This  plia.se  a.lvancc  was 
perpetuated  on  day  3  in  vitro  without  decrement.  S.'rotonin  treatment  during  the 
sulijecfive  night  had  no  I'lfect  on  tlie  timing  of  the  electrical  actixitv  liuthin 
(a=<l). 

t).  'I’lie  sjicciticity  of  the  .serotonin-indneed  phase  change  was  asse.ss('(|  |)\-  tr.'ating 
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slices  in  the  same  manner  witli  a  microdrop  of  serotonergic  agonists,  5- 
carboxamidotryptamine,  that  targets  the  o-HT,  class  of  receptors,  or  8-hydroxy- 
dipropylarninotetralin  (8-OH  Dl'AT).  that  acts  on  the  o-HTi^  recej)tor  subtyi)e. 
Daytime  (CT  9)  apjilieation  of  6-earboxamidotryptamine  resulted  in  a  60  +  ()  l  h 
phase  advance  (h  =  3).  while  treatment  during  the  subjective  night  (CT  15.  n  —  2) 
had  little  observable  effect.  Similarly,  treatment  with  8-OH  DPAT  at  CT  9  induced 
a  phase  advance  of  (r9  +  0  l  h  (w  =  3)  in  the  rhythm  of  electrical  activity. 

7.  These  results  demonstrate  that  .serotonin  can  induce  large  phase  changes  in  the 
SCN  circadian  pacemaker  an<l  that  the  SCX  undergoes  endogenous  changes  in 
sensitivity  to  serotonin.  The  data  suggest  that  serotonergic  inputs  to  the 
ventrolateral  SCN  can  regulate  the  <'ircadian  i)acemaker  during  the  daytime. 


iNTnonrcTioN 

Substantial  (‘videmee  points  to  the  suprachiasmat  ie  nuclei  (SCX)  as  tlu'  endogenous 
pacemaker  that  regulates  tlu‘  timing  of  tnost  circadian  rhythms  of  behaviour, 
physiology  and  metabolism  in  mammals.  The  SCX  generate  circadian  patterns  of 
neural  activity  (Inouye  &  Kawamura.  1979)  and  gluco.se  utilization  (Schwartz  & 
(Jainer.  1977;  Schwartz.  Davidsen  &  Smith,  1989)  in  various  brain  regions  in  vivo. 
Xear-24  h  rhytlntis  continiK'  in  surgically  isolated  S('X  but  an'  abolished  in  other 
brain  regions  by  dcaHen'iitat ion  from  SCX  (Itiouye  (X:  Kawamura.  1979),  'I'lic  nuclei 
are  cajiable  of  sustaining  rhythmicity  of  endogenous  iK'iironal  firing  (Cillctt*'  & 
Pros.ser,  lfl88)  and  peptide'  se'cn'tion  (HariU'st  k  Sladc'k.  1!)S7)  for  multi])l<'  cycle's  in 
vitro,  unele'r  Cemstant  e'emelitietns  ele'veiiel  eef  an>'  e'xte"!ial  time  e  ues. 

(ireen  dt  Cille'tte'  (1982)  sheewe'el  that  the' e'neloge'ne)us  e'ire'aeiian  rhythm  e)f  e'le'ctrie'al 
activity  (nu'asure'el  by  extrae-e'llular  re'e-eereling)  pre'.sent  in  SCX  e)f  intact  e)rganisms  is 
prese'rveel  in  SCX  within  a  hypeethalamie'  brain  sli<'e'.  The  wavefe>rm  anel  the  time-e)f- 
pe'ak  in  this  eese-illatieen  we're'  Ibunel  tee  be'  imaffe'e'teel  by  elay-tinu'  preparatieen  e)f  brain 
slie'e's  ((iille'tte',  198(>;  Cille'tte'  di:  He'ppe'it .  1987).  The'  robust  ne'.ss.  uniformity  anel 
stability  eef  the'  wave'Idrm  e>ve'r  multiple'  cycle's  in  vitro  pe'rmit  use'  e)f  this  eese-illat ieen 
te)  metnite)!'  the'  unele'ilyitig  ae'tivity  e)f  the'  paea'inakcr  in  isolatie)n  freem  inputs  anel 
meeelifie'i's  (Preis.se'r  dt  (iille'tte'.  I98!l).  W’e'  use'el  this  in  vitro  pre'parat ion  tee  e'xamine- 
re'gula(ie)n  eif  e'ire'aeiian  timing  by  e'xeege'nous  .se'i'otonin, 

Pheetie'  e'hange's  in  the'  e'xte'rnal  worlel  arc  primary  re'gulators  eif  e'ire'aeiian  timing, 
'file'  re'tinei-hypeet halamie'  trae-t  anel  the'  ge'iiie'ulee  hypeethalamie'  trae't  feirm  the'  visual 
pathways  eef  e-nt  rainme'iit .  The-  re't  inee-hypeet  halamie'  trae  t  e  arrie's  light  infeermat  ieui 
elire-e'tly  freiin  the'  re'tina  let  the-  ve-nt reelateual  |»e)rtie)n  e)f  the'  S('X  (Meeeire-  di:  he'iin. 
1972).  Altheeugh  the'  t  ransmit  le-r  in  the'  re't  inee-hypeethalamie'  trae't  has  met  be-e'ii 
e'eemple'te'ly  iele'iit ifie-el.  it  is  thenight  tee  influe'ne'e'  the'  SCX  via  the'  e'xe'itate)ry  aininei 
ae'iel  glutamate'  (Lietu,  Shibata.  Iwasaki  iV'  Ccki.  IbSti;  Cahill  dl;  Me'iiake'r.  19S7).  The- 
genie'ulee  hvpeithalamie'  jiretje'e-t  mu  leu  nis  a  se'e'einelary  visual  injiut  freun  the'  late-ral 
ge'iiie'ulate'  nue'le'us  te)  t  he'  S(  'X  (Sw  ansem.  ( 'eiw  an  e.X:  deene's.  1 974  ;  ( 'arel  di:  .Meieue'.  1 9S2). 
'Phis  trae't  alsee  le'lays  iideirmatiem  aheuit  the'  lighting  re'ginu',  but  is  theiught  (ei  be' 
inveelve'el  in  me-eliating  the-  e'llce-ts  eif  elark  pulse-s  (llarringtein  dc  Husak.  I9,S,S). 
're'rminals  eif  (his  ni'urnpe'pt ieli'  e'emtaining  trae-t  are-  u\e'i'la|iping  those'  of  the' 
re'tinal  pathways  (Carei  iV  .Memie'.  I!1,S2:  (Ireins.  .Maseiii  di:  .Mi'ije'i'.  I9S3). 

Preije'e't  ieins  freim  the-  mielliraiii  i.iphe-  nue  li'i  feirm  a  elist  ine  l  i\ i'  jiathway  li'aeling  to 
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the  SCX.  While  the  functional  nature  of  these  jjrojections  has  not  been  elucidated, 
it  can  be  hypothesized  that  they  play  a  modulatory  role.  The  raphe  projects  to  the 
ventrolateral  portions  of  the  rostral  SCX  (Aghajanian.  Bloom  &  Sheard,  1969;  van 
den  Pol  &  Tsujimoto,  1985),  as  well  as  to  the  ventral  lateral  geniculate  nucleus 
(Moore,  Halaris  &  Jones,  1978).  Its  serotonergic  terminals  in  the  SCX  overlap  with 
those  directly  regulated  by  photic  stimulation,  the  retino-hypothalamic  and 
gcniculo-hypothalamic  inputs  (Ueda,  Kawata  &  Sano.  1983;  Guy,  Bosler,  Dusticicr, 
Pelletier  &  Galas,  1987).  The  pathway  from  the  raphe  to  the  SCX  is  thought  to  be 
activated  by  arousal,  jmssibly  through  motor  activity  stimulated  by  the  onset  of 
darkness  (Mrosovsky  &  Salmon,  1987). 

Serotonin  is  a  widely  distributed  neurotransmittcr  that  in  many  cases  causes 
suppression  of  spontaneous  firing  rates  of  neurons.  This  is  true  in  the  case  of  the  SCX. 
Stimulation  of  the  raj)he  in  rit'O  results  in  an  overall  inhibition  of  firing  rates  of  SCX 
neurons  (Groos  al.  1983).  Similarly.  mi<  roionoj)h<)retie  application  of  serotonin  to 
the  SCX  has  an  inhibitory  effect  on  the  firing  rate  of  the  majority  of  neurones,  both 
in  vitro  and  in  vivo  (Ma.son,  1986;  Meijer  &  Groos.  1988). 

Interestingly,  S('X  neurons  in  brain  slices  show  a  circadian  variation  in  sensitivity 
to  serotonin  in  tcMins  of  firing  rab'.  su(;h  that  the  neurons  are  more  sensitive  to 
inhibition  of  firing  rate  by  .serotonin  in  the  subjective  night  (Mason.  1986).  Besides 
the  circadian  rhythm  of  sensitivity  to  serotonin,  the  SCX  also  display  a  circadian 
rhythm  in  recovery  from  smotonin.  Ma.son  (1986)  demonstrated  that  the  time  of 
recovery  after  inhibition  of  neuronal  activity  was  longer  when  serotonin  was 
administered  during  the  day-time  than  during  the  night. 

Serotonin  reee[)t<)rs  are  abiimlantly  <listributed  throughout  the  SCX  (van  den  Pol 
&  Tsujimoto,  1985),  The.se  receptors  are  capable  of  serotonin  reuptake  in  a  tem- 
f)orally  dependent  manner,  with  higher  rates  of  reuptake  during  the  subjective  night 
(Meyer  &  Quay.  1976).  Intragastrie  administration  of  imipramine.  a  serotonin 
reuptake  blocker,  was  found  to  lengthcm  and  enhance  the  inhibitory  action  of 
.serotonin  in  the  SCX  (M<‘ij(‘r  k  Groos.  1988).  Studies  by  Wirz-Justiec'.  Krauehi. 
Morime.sa.  Willener  k  Feer  (1983)  demon.straled  that  serototiin  receptors  in  the  SCX 
have  a  tem|)oral  s<'nsif ivity  to  imipramine  binding  which  pc'aks  during  the  night 
phase  in  the  rat. 

Serotonergic  inputs  ar«>  not  re()uired  for  sustaining  endogenous  circadian 
organization  of  the  paemnaker.  .Application  of  5,7-(lihydroxytryptamitie.  which 
select  iv('ly  k'sions  serotom'rgie  inputs.  do«'s  not  afle<-t  tin*  pm'iod  of  oscillator  in  viva 
(Honma.  Watanabe  &  Hiroshige.  1979;  Smale.  .Michels.  Moore  &  Morin.  1999).  .Also 
complete  lesions  of  the  raphe  have  little  <‘Heet  on  the  ent I'ainability  of  the  animal  by 
light  (Kam  &  Moberg,  1977).  However  studii's  on  aetivity-.stimulatc'd  phase  shifts  ol' 
locomotor  activity  in  the  day  (.Mrosovsky  k  Salmon.  1987)  and  the  circadian  nature 
of  serotonin  sensitivity  in  the  SCX  suggest  possiide  involvement  of  serotonin  in  day¬ 
time  regulation  of  the  circadian  paeetnaker. 

In  this  study  we  directly  tested  the  hypothesis  that  seiotonin  has  a  regulatory  role 
in  the  SCX.  Serotonin  was  lirielly  atul  foeally  applied  to  the  region  of  raphe  ini)ut.s 
to  the  rat  SCX  in  brain  sli<-es.  Kffeets  of  serotonin  application  at  diflerent  phases  of 
the  circadian  cycle  were  determiiu'd  by  nn-asuiing  the  ihythm  of  m'uronal  activity 
on  the  second  and  third  day  after  treatment.  'I’he  six-eilieity  of  th(‘  .serotonin  induced 
|)hase  shifts  was  as.sessed  by  tn-atment  with  agonists  .‘j  i  arboxamidot rvptamine  and 
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8-hydroxy-dipropylaminotctralin  (8-OH  DPAT),  which  are  specific  for  5-HT,  and  5- 
HT,^  receptor  subtypes,  respectively.  We  found  that  serotonin  has  a  strong  phase- 
shifting  effect  in  the  middle  of  the  day,  but  has  no  effect  when  applied  during  the 
night. 


METHODS 

/'rr/wrat/oH  of  hrain  xlicen 

.Male  I>ong-Kvatis  rats  from  our  inbred  colony  were  used  in  this  study.  Animal  caiv  and  brain  slice 
j)re|)aration  were  [lerformed  humanely,  in  accordance  with  {Guidelines  from  the  .American 
Veterinary  .Medical  .As.sociation.  The  animals  were  kept  on  a  .schedule  of  12  h  of  li{Ght.  and  12  h  of 
(larkne.ss.  with  fo(Kl  and  water  available  ad  libitum  from  birth  to  8  weeks,  when  they  were  studied. 
The  animals  wert*  killed  <luring  the  'lights  on'  jieruKf  of  the  '24  h  eycle.  1-Ul  h  U'fore  si>rotonin 
aj))>lication.  This  was  necessary  to  avoid  pha.se-shifting  eflFeets  which  have  be»*r)  shown  to  occur 
with  manipulations  in  the  night-time  ((lillette.  1980).  The  animals  were  gently  introduced  into  the 
guillotiiu'.  (iecaiiitated.  and  the  brain  was  qui<'kly  dissected  from  the  skull.  The  brain  was  then 
manually  sectioned  to  form  a  block  of  ti.s.s»ie  containing  the  hypothalamic  legion.  This  block  of 
tissue  was  tran.sferred  to  a  mechanical  tis.sue  chop|M*r  where  .AOO/on  in  coronal  slices  were  made. 
The  hypothalamic  slices  <-ontaining  the  SCX  (clearly  visible  under  the  micro.scojKd  wet.  retluced 
even  further  under  the  microscope  by  cutting  away  excess  hypothalamic  ti.ssue.  and  then 
transferred  to  the  brain  slice  dish  where  they  were  maiittained  for  up  to  8  days.  This  procedure  was 
|«'rformed  within  5  min  from  the  time  of  tiecapitation  to  avoid  devi'lopment  of  irreversible  hyiMtxic 
conditions.  .A  diagram  of  the  hy|K>thalamic  brain  slice  list'd  in  this  study  can  bt*  seen  in  Fig.  I. 

The  hrain  slice  tlish.  ctmsi.sting  of  an  inner  and  an  outer  chamber,  was  modelled  after  Hatton, 
Doran.  Saint  &  Twi>edle  (I98U).  The  outer  chaml«-r.  a  water-bath  that  provitles  a  constant 
environment  for  the  slices,  was  filletl  with  tiouble-distilleil  water  warmetl  to  .'17  °('  ami  bubbled  wit  It 
tlo'Ki  (D.  ri"/i  COj  to  |)rovide  a  mttist.  high-oxygen  atmo.sithere  at  the  surface  of  the  slice.  The  inner 
chamber  «as  made  u|)  of  a  central  and  an  outer  well  that  were  continuously  jterfused  with 
su|iplemented  salt  solution  at  a  rate  of  30  ml/h.  The  medium  consisted  of  Karle's  Balanced  Salt 
Solution  (0-2  g/l  CaClj.  04  g/l  KCI.  O-O077  g/l  .MgSO^.  (i-S  g/l  XaCI  and  014  g/l  XaHjI’O,.  HjO; 
(iIBCO).  supplemented  with  240mM-gluco.se  and  2()-2  in.M-XaHf'Oj.  warmed  in  a  reservoir  to 
3il  at  a  |)H  of  7  '20  and  oxygenated  by  a  gas  mixture  of  05%  O.^  and  5%  CO,  (which  adjusted 
the  pH  at  7'40).  The  tein|H‘rature  of  the  medium  around  the  bntin  slices  in  the  central  well  was 
37+0-1  °C. 

The  slices  wt-ix*  placed  on  a  fibre  mesh  (.Mr  Coffee*  filter)  that  covered  the  central  well  of  the  inner 
chiiniber  <if  the  dish.  The  mtslium  level  was  adjusp'd  to  eonu'  uj)  and  around  the  ti.ssue  to  bathe 
■  ■  the  slices  without  floating  them:  the  slices  re.sted  at  the  interface  of  the  mediunt  and  the 

atmosphere.  The  tissue  was  illuminaterl  by  a  fibre-optics  lamp  throughout  the  ex)K-riment. 

treat niiiilx 

Serotonin  (o-hydroxytryptamiiw  creatinine  .sul))hate.  SigiTia.  I'S.A)  or  serotonergic  agonists,  5- 
carboxamidotryptamine  (HBI)  and  8-hy<lroxy-dipro])ylaminotetralin  (S-OH  DI’.AT.  BBI).  were 
applied  to  the  ventrolateral  portion  of  on«‘  of  the  paired  SCX  in  the  slice  (Fig.  I),  for  5  min  at 
various  times  acro.ss  the  circadian  cycle.  Fifteen  minutes  before  the  treatment,  a  1(1  “  M  soUition  of 
serotonin  in  supplemente<l  salts  nuslium  was  prejiareil.  and  warmed  and  oxygenated  for  2  min. 
Silani/.cd  micropipettes  (ti|)  =  2  /im)  were  .smi>othed  by  tire- polishing  tin-  large  eml.  back -tilled  «  ith 
the  It)  M-serotonin  solution,  and  fitted  into  the  eml  of  I  m  length  ofTeflon  tubing.  'I'lie  tubing  was 
Hlled  with  distilled  water  and  attaeherl  to  a  syringe.  The  micropi|«‘tt('  connected  to  this  delivery 
apparatus  was  fitted  on  a  micromanipulator  and  ailvanced.  umh'r  microscopic  guidance,  until  it 
was  above  the  pla<-e  of  <lelivery.  on  the  ventrolateral  SCX.  I’erfusion  of  imslium  throughout  the 
chand>er  was  stopped.  A  microdrop  was  created  by  ]iressing  down  on  the  syringe  (ilungcr  to  form 
a  dnip  3  4  //tTi  in  diameter,  and  then  gently  pulling  back  to  prevent  the  drop  from  enlarging  furt  her. 
To  deliver  the  microdro[)  the  micropi|H-tte  was  advanced  until  the  drop  made  contact  with  the 
surface  of  the  slice.  .After  5  min.  the  slice  was  manually  rinsed  w  ith  medium  in  a  direction  away 
from  the  rest  of  the  SCX  (sei-  Fig.  I). 

Test  runs  prior  to  the  actual  experiments  weiv  |)erformed  with  01  "/.i  Methylene  Blue  in  medium 
t(p  detci-minc  the  extent  of  ilrop  sju'eading.  These  drops  were  conlimal  to  a  small  aiea  within  the 
ventrolateral  region  <if  the  SCX.  The  estimatial  volume  of  a  typical  microdi-op  was  3x  10  "  nd. 
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This  was  calculated  from  the  volume  of  a  spherical  drop  with  a  3-4  /im  diameter.  This  diameter  was 
directly  measured  by  an  ocular  micrometer  on  test  drops  generated  with  a  similar  pressure  to  that 
in  actual  experiments,  from  silanized  micropipettes  with  2  fim  tips,  and  is  representative  of  the  size 
of  experimental  inicrodrops.  W'hen  the  microdrop  touches  the  surface  of  the  slice,  the  serotonin 
becomes  diluted  immediately.  Thus,  the  effective  concentration  of  serotonin  at  the  receptor  sites 
is  considerably  less  than  10  *  M.  but  cannot  be  determined  directly. 


Fig.  1.  Diagrammatic  illustration  of  the  inicrodroj)  apjilication  technique  on  a  StK)-//!!!- 
thick  coronal  hyixithalamic  brain  slice.  The  suprachia.smatic  nuclei  (SCX)  are  located  on 
either  side  of  the  third  ventricle  (VIII)  and  dorsal  to  the  ojitic  chiasm  (DC).  The 
micro|)iiiette  is  positioneil  directly  above  the  ventrolateral  region  of  one  SCX  (N'L  denotes 
ventrolateral,  and  D.M  dor.somc.Iial).  Arrows  indicate  the  direction  of  imsiia  How  rinsing 
the  serotonin  treatment  off  the  .slice. 

Agonists  were  similarly  a|>plic(l,  at  10"*  m  concentrations,  with  the  only  jirocedural  difference 
being  that  the  S-OH  DPAT  solution  was  made  in  unoxygenated  solution  due  to  the  in.stability  of 
this  agonist  in  oxygen. 

To  verify  that  the  observeti  pha.se  shifts  were  due  to  serotonin  treatment  rather  than  the 
mechanical  or  thermal  [terturbations  during  treatment.  exi)erimental  tivatments  wer<>  compared 
with  controls  in  which  a  mi<Todrop  of  medium  alone  was  applied  in  the  .same  way  as  in  the 
ex)H‘riments.  to  the  ventrolateral  portions  of  one  of  the  SCX  in  a  brain  slice. 

Klerlriral  recording  Irrhniguc 

In  order  to  distinguish  the  effe<'t.s  of  the  treatment  on  the  pacemaker  from  acute  effects  on 
neuronal  activity,  extracellular  re<<)rdings  of  spontaneous  neuronal  activity  were  initiated  with  the 
onset  of  what  would  he  the  subjective  day  in  the  rat.  on  the  second  and  third  day  iii  rilro.  This  was 
I  (-.')()  h  after  ap|)lication  of  the  inicnHlrop  of  s<*rotonin  to  the  SCX.  We  have  previously  established 
that  the  SCX  in  brain  slic<  generates  a  com])lete  sinusoidal  o,scillation  in  the  bring  rate  of  the 
en.sernble  of  neurons  ((tillette.  IHSH).  To  facilitate  recording  for  long  jK'riods.  only  that  ()ortion  of 
the  day  surrounding  the  ex|M‘eted  and  anticipated  |)eak  was  studied. 

A  silver  chloride-coated  ground  wire  was  placed  through  the  biter  mesh,  while  gla.ss 
microelectrodcs  (tip  =  2 /on).  back-Hlled  with  .')  M-XaCI,  were  used  to  record  elei'trical  a<'tivity.  The 
recording  electrode  was  btted  in  a  micromanipulator  and  jio.sitioned  over  the  slice  so  that  it  was 
in  contact  with  the  surface  of  thi‘  tissue.  A  Xarashig(‘  MO-H  hydraulic  microdrive  was  used  to 
further  advance  the  electrmle  through  the  ti.s.sue.  The  signal  ))icked  uj)  by  the  recording  electrode 
was  atnplibed.  (iltered  (baiulpass.  2(M1  2(KK>  Hz)  and  dis))laycd  on  a  Tetronix  o.scillo.sco]M‘.  using  a 
'  V PI -121  wimlow  (li.scriininator  to  isolat<'  single  cell  activity.  .-X  signal -to-noise  ratio  of  2 : 1  was  the 
miniinum  r<-(|uireinctit  for  di.scriminating  a  cell.  The  single-<ell  activity  was  rccordc<l  by  a  spike- 
fre(iuency  counting  |)rogratn  on  a  Commo<lon‘  e<iin|)Uter.  Cells  were  monitored  for  two  12(1  s  trials, 
w  here  the  bring  rates  of  1(1  s  bins  were  averaged  to  determine  the  mean  bring  rate  of  the  unit .  On 
average,  four  to  six  cells  wer<‘  sampled  (a-r  hour,  with  a  recording  tim<‘  of  8  12  h  providing  a  total 
of  forty  to  seventy  units  of  data  w  ith  which  to  assess  the  SCX  electrical  ai  tivity  rhythm  for  each 
peak  studii-d.  Xcuronal  activities  were  .sampled  at  random  throughout  the  .SCX.  Picvious  studies 
have  show  II  that  tlw  SCX  functions  as  a  coherent  pai-emaker  w  ith  a  uniform  rhythm  of  elect rical 
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activity  measurable  iu  both  dorsomedial  and  ventrolateral  regions  (Tcheng,  Gillette  &  Prosser, 
1989).  The  recorded  tiring  rates  of  individual  cells  were  averaged  together  and  2  b  means,  with 
15  min  lags,  were  calculated  and  plotted.  The  time-of-peak.  defined  as  the  circadian  time  at  which 
the  2  h  mean  of  the  firing  rates  of  the  sampled  cells  reached  a  symmetrical  ma.\imum.  was 
determined.  The  exiierimental  time-of-})eak  was  compared  to  microdrop  controls  in  order  to 
determine  the  magnitude  of  the  phase  shift  induced  by  the  ex|)erimental  treatments. 


Fig.  2.  Tin'  Sf'X  sensitivity  to  pha.se  shifting  by  serotonin  changes  over  the  course  of  the 
day.  .-1.  slices  treated  with  a  microdrop  of  medium  at  (T9  on  day  1.  Rhythm  of 
endogenous  neuronal  a<'tivity  on  day  2  |K‘aked  at  (T  ()-9.  H.  slice  treated  with  a  microdrop 
of  Id*  M-serotonin  at  ('f  7  on  day  I .  The  ]H‘ak  in  the  rhythm  of  electrical  activity  on  day 
2  was  phase  advance<l  7  h  to(T 0.  ('.  slice  treated  at  (T  19.  on  day  I.  The  |«‘ak  oceurivd 
at  (T  7  on  day  2  which  is  overlapping  with  the  )H'ak  in  the  rhythm  of  control  slices.  # 
represent  the  2  h  means +  S.K..M..  plotted  with  I  h  lags,  of  the  recorded  neuronal  activity 
rhythm  on  the  second  day.  The  vertical  bar  indicates  the  time  of  serotottin  treatmeeit  and 
the  interrupted  line  indicates  the  time-of-|M'ak  observed  in  untreated  slices.  The 
horizontal  stipph-d  bar  in<li<'ates  the  time  of  the  donor's  subji'ctive  niglit  in  tlie  colony. 
.Arrows  point  out  the  time  of  slice  |)re[)aration. 


KK.SII.TS 

( 'tinirol  r.r/x  rinii  Ills 

lii'catise  the  t itne-of-peak  of  eleetiieii)  activity  in  llie  S('N  i.s  hiolily  |irc(lietal)lc 
hctwecii  c.xpcrimetit.s  an<l  stable  over  time  in  i-ilru  (( "1’ (i-t) +  ()'2.  n  =  S.  Prosser  c'c 
(Gillette.  Hist)),  as  well  as  easy  to  vistially  discern,  we  n.se  it  to  mark  the  pha.se  of  the 
underlying  eireadiiin  pacemaker.  In  the  present  series  of  ex|)eriments.  the  time-of- 
peak  for  untreated  SCX  of  rats  from  oiir  inhied  colony  oeeiirretl  at  C'i’  (i  !l  +  (l  l  (n  = 
.‘5).  which  is  in  agreement  with  previously  reported  residts.  In  the  mierodrop  controls, 
itpplied  at  (’Ti).  the  time-of-peak  was  at  CT  (iR  +  tl  l  (/(  =  3.  Fig.  2.4).  which  is 
identical  to  the  established  peak  times  for  untreated  !8('N.  This  dennmstrates  that 
the  mierodrop  teehni(pie  did  not.  in  itself,  cause  pha.se  shifts. 
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Serotonin  experiments 

We  found  that  serotonin  can  affect  the  SCX  pacemaker.  Single-unit  recordings  of 
the  population  of  neurons  revealed  that  when  a  microdrop  of  serotonin  was 
administered  in  mid-subjective  day  on  the  first  day  in  vitro,  the  peak  of  the  next 


Circadian  time  (h) 


Fig.  3.  Serotonin  induetMl  |K‘rinanent  phasr*  shifts  in  vitro.  A,  rhytlitn  of  endogenous 
neuronal  activity  recorded  on  day  2  after  treatment  with  medium  on  day  1.  /t.  localized 
ajrplieation  of  serotonin  to  the  ventrolateral  region  of  the  SCX  slice  at  (T  7  resulted  in  a 
7'0  h  phase  advance  in  the  rhythm  of  electrical  activity  on  day  2.  ('.  recording  on  day  3. 

.  In  a  separate  ex|><‘riment.  following  treatment  with  .serotonin  at  (T  7  on  day  I .  indicated 

a  7(1  h  pha.se  advance.  'I'his  is  overlapping  with  the  mean  phase  advance  seen  on  day  2. 

#  repre.sent  the  2  h  means  +  s.K.M.  of  the  recorded  neuronal  activity  rhythm  on  the 
weond  ami  third  day.  Th<'  vertical  har  indicates  the  time  of  serotonin  tivatment  and  the 
interrupted  line  indi<'ate.s  the  time-of-jeak  observed  in  control  slices.  The  horizontal 
stijipled  liar  indicates  the  time  of  the  <l<in<>r's  night  in  the  colony.  .Arrows  point  out  the 
time  of  slice  prejiaration. 

day’s  rhythm  of  electrical  activity  was  significantly  advanced.  Aft<‘r  a  5  min 
application  of  .serotonin  at  CT  7  on  day  I.  tin-  timc-of-pcak  occurred  at  t’T  23-5)±01 
{n  —  3)  on  day  1.  rather  than  at  (’TtHf  +  O’l.  the  timc-of-iK‘ak  on  day  2  in  control 
slices  (Fig.  "IB).  'I’liis  is  a  7-0  +  t>  l  h  advance  in  the  neuronal  activity  rhythm. 
Statistical  analysis  of  the  <lata  using  Student’s  I  test,  which  com])ared  the  time-of- 
peak  in  serotonin-treated  slices  to  that  of  control  confirms  that  the  effect  of  serotonin 
at  ('T7  is  signifi(!ant  (/’<  0-001).  In  a  sepaiate  experiment,  the  electrical  activity 
rhythm  was  recorded  on  <lav  3  after  serotonin  treatment  on  day  I  at  C'!'  7  (Fig.  3). 
The  peak  appeared  at  ("I’O.  23-0  h  after  the  |)eak  on  day  2.  and  still  advanced  in 
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phase  by  ~  7  h.  These  results  indicate  that  the  phase  change  due  to  serotonin 
treatment  at  CT  7  on  day  1  is  a  permanent  one. 

Administration  of  serotonin  in  the  subjective  night,  however,  had  no  apparent 
effect  on  the  rhythm  of  neuronal  activity  on  the  second  day.  After  exposure  of  the 


Fig.  4  l’li<i.se-resi)oiis<>  curve  for  .-lerotoiiin.  Tlie  .r-a.xi.s  denotes  circadian  time  (CT)  of 
treatment  (It)  and  the  i/  axis  indicates  the  average  magnitude  and  direction  of  the 
serototiin  induct'd  phase  shift  (h).  The  magnitude  of  the  shift  of  the  time-of-iK'ak  of  the 
electrical  activity  rhythm  was  determined  in  relation  to  titne-of-jx>ak  in  slices  treated 
with  medium.  #  represent  the  mean  +  s.E.M.  phase  shift.  The  suh.script  numher  is  the 
number  of  e.\[»eriments  |K»rfornietf  at  a  particular  time  point.  The  vertical  bar  denotes  the 
time  of  ‘lights  off'  in  the  colony  and  the  horizontal  stipj)led  bar  indicates  tin'  night. 


sex  to  .serotonin  at  (-T  19.  the  jK'ak  in  activity  on  tlu'  next  day  was  at  (T  6  7  +  01 
(n  =  3.  Fig.  2f').  This  time  overlaps  witli  controls. 

Similar  measurements  were  made  after  a  microdrop  of  .st'rotonin  was  applied  at  one 
of  three  other  time  points  during  the  subjective  day.  C'!'  3  (n  =  -).  o  («  =  3).  9  («  = 
3).  and  two  other  points  during  the  subjective  night.  C'!'  13  {»  =  3).  and  21  («  =  2). 
A  pha.se-respon.se  curve  relating  the  circadian  timi'  of  .serotonin  treatment  to  its  effect 
on  the  ])hase  of  the  electrical  activity  rhythm  is  seen  in  Fig.  4.  Treatment  with 
sei'otonin  in  the  subjective  day-tim<‘  T’esulted  in  robust.  j)etsistent  phasi'  advances  in 
the  rhythm  of  neuronal  activity,  while  it  had  no  effect  on  the  pacemaker  iti  the 
subjective  night. 

Agon  I.'/  c.r/H'  ri  m  c  /d.s 

.)  -  ( 'a  rliaxa  in  idol  rgfAa  in  i  ii  c 

'freatment  of  sli*'es  with  5-earbo.\amidotrvptamine.  a  .sf-rotonergic  agonist  spi-citic 
for  the  o-irr,  receptor  s»ibfyjM'  (IVroutka.  1988).  resulted  in  time-dependent  i)hasc 
shifts  in  the  rhythm  of  neuronal  activity.  When  administered  during  the  day  at  9. 
a  fitnc  when  serotonin  induced  a  4(i  h  phase  advance,  b-carboxamidotryptainine 
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caused  a  6  0±01  pliasc  advance  (n  =  3,  Fig.  5A).  Conversely,  treatment  of  SCX  at 
CT  15  had  little  effect  on  the  phase  of  the  rhythm  of  electrical  activity  (Fig.  5C).  The 
timc-of-pcak  was  recorded  at  CT  G  o  {71  =  2)  which  is  near  the  control  jK>ak  time. 

8-OH  DRAT 

Treatment  at  (T  9  with  8-OH  DPAT,  an  agonist  specific  for  the  5-HT,^  receptor 
subtype  (Middlemiss  &  Fozard,  1983),  also  resulted  in  significant  phase  shifts  in  the 


■■ 

■* '  ’ 

i 

:  ^  i 

1  ; 

i  ^ 

\ 

1 

J  1 

i  '’1 

i  1 

I  t 

1 

1 

B 

’ . — ' 

T  ' 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

"i  li 

,  .  . 

!  ^ 

i 

» 

1 

( 

i 

. 

6  6  ‘  12  18  24  6  12  18  24 

Circadian  time  (h) 

Kifl.  ').  Ncrotoiicij’ic  agonists  plia.se-sliift  the  rhytlim  ofclccti  ical  activity.  .-1.  slice  tnaiteil 
at  (TO  on  (lay  I  with  o-carlxi.vainidotrvptainine.  The  t inn -of- peak  on  day  2  occurred 
()•.')  Ii  earlier  than  in  control  slices,  li.  slice  treated  at  (T  II  on  day  I  with  8-OH  DP.Vl’.  The 
|a'ak  in  the  rhythm  of  electrical  activity,  recorded  on  day  2  was  advanced  hy  8  h.  slice 
treated  on  day  I  with  o-carlio.xainidotryptaniine  at  (T  lo.  The  time-of-|M-ak  was  recorded 
at  CT  ()'2')  which  is  overlapping  with  the  range  ofjM'ak  times  in  control  slices.  •  represent 
the  2  h  means  +  s.K.M.  ofthe  recorded  neuronal  activity  rhythm  on  the  second  and  third 
day.  'I'he  vertical  Imr  indicates  the  time  of  serotonin  treatment  and  the  interrnpt(>d  line 
indicates  the  time-of  |)eak  ohserved  in  slices  treated  with  medium.  The  hori/.ontal 
stippled  liar  indicates  the  time  ofthe  donor's  night  in  the  colony,  .\rrows  ))oint  out  the 
time  of  slice  preparation. 


rhythm  of  iicttroiial  iicfivity.  'I’lu'  f  ime-of-poak  wtis  ohst'in  tul  at  ("f  (lO  +  d  l  (a  =  3). 
iiKliciilitig  it  7  h  phitst'  advaiict'  (Fig.  u/f). 


DISff.SSKIN 

Otir  I'vstilfs  oti  the  .sttpnichiiisiuiitie  slice  prepivrat ion  ticmoiistr.itc  that  scrotouiu 
can  jtet  directly  011  the  SCX  to  ehitiige  the  phase  ofthe  piieemiiker.  The  r('spotises  tit 
the  time  points  tested  indicate  tlnit  SCX  sensitivity  to  .sr-rotoitin  released  at  ra|)!ie 
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projection  sites  is  limited  to  the  subjective  day  of  the  circadian  cycle.  Serotonin 
treatment  on  day  1  iti  vitro  phase  advances  the  rhythm  of  neuronal  activity  within 
the  next  12  h  so  that  the  |)eak  appears  early  on  the  second  and  third  day.  The  stable 
phase  relationship  between  days  2  and  3  suggests  that  the  j)acemaker  has  been 
permanently  reset  by  the  brief  (5  min)  exposure  to  serotonin.  The  changes  in  the 
phase  of  the  pacemaker  were  also  shown  to  be  serotonin  sj)ecific,  as  demonstrated  by 
the  agonist- induced  phase  shifts. 

Analysis  of  SCX  in  the  brain  slice,  where  it  is  isolated  from  modulating  inj)uts  and 
feedback  loops  from  other  brain  regions.  jK'rinits  direct  assessment  of  pro[)ertics 
intrinsic  to  the  pacemaker.  This  a|)proa<’h  therefore  provides  insight  to  the  basic 
eharaeteristies  of  the  system.  The  })re.s(mt  study  suggests  that  .serotonin  can  induce 
7  h  jihase  changes  in  the  pacemaker.  slK>uld  the  other  modulatory  pathways  be 
absent.  While  such  large  pha.se  shifts  are  not  uncommonly  observed  in  the  slice 
|)repaiation  (cyclic  AMP  induces  oh  pha.se  shifts.  I’ro.s.ser  &  (Jillette.  1989; 
induces  6h  |)ha.se  shifts,  (lilletle.  1987).  shifts  of  magtiilude  have  rarely  been 
reported  in  rim.  where  the  magnitmle  of  the  cH'ect  of  a  1  h  stimulus  does  not  exceed 
2  h.  In  addition  to  the  <lificrence  in  magnit\ide.  jdiase  shifts  in  rilro  differ  in  rate.  We 
have  not  ob.served  transient  changes  in  the  phase  of  the  rhythm  of  electrical  activity 
over  succc.ssive  rlays  in  vitro  ((lillette.  1987).  ('omparison  of  data  sets  indicates  that 
the  pacemaker  can  be  re.set  <lirectly  and  rapidly  in  rilro.  but  that  in  riro  it  is  modified 
by  nunuu'ous  modulatory  inffuences  an<l  fci'dhack  loops  such  that  the  pha.se  shifts  are 
<lampcd  in  magnitude  and  rate  (as  in  DeCoursey.  1964).  From  the  massivi*  size  of  the 
.serotonin  phase  advance  relative'  to  day-acting  zcitgt'bers  in  rim  it  follows  that 
potent  inertial  forces  normally  act  to  slow  the  size  and  rate'  of  the  changt'.  However, 
the  fact  that  this  is  one  of  the  largest  pha.se  advances  that  we  have  feuind  among 
agents  studied  in  vitro  may  al.so  be  a  reflection  of  tiu'  stn'iigth  of  this  j)athway 
relative  to  other  modufatory  forces  acting  in  the  same  time  domain. 

While  the  effect  of  .serotonin  injection  into  the  SC.N  in  riro  has  not  yet  Ireen 
examined,  indirect  evidence  suggests  that  .scrotoneigic  pathways  may  stimulate 
phase  shifts  in  behaviour  in  the  animal  during  the  day-time.  Forced  activity  in  the 
middle  of  the  day  facilitates  entrainnn'iit  of  mammals  to  novel  light  dark  .schedules 
(Mro.sovsky  &  Salmon.  1987).  Hamsters  that  wcic  confined  to  a  running  wheel  after 
being  cxpo.sed  to  a  phast'-altcred  lighting  scla'dule  r('-('nt rained  mort'  than  twice  as 
ra|)idly  as  undisturbed  animals.  Fnrtlu'r  ex|)eiiments  indicated  that  hamsters 
undergo  accelerated  phase  shifting  by  behavioural  arousal,  by  forced  activity  or 
social  interact iv)n  at  midday  (.Mro.sovsky.  1988).  a  time  when  sei'otonin  induces  pha.se 
shifts  in  rilro.  'Plu'  physiological  m<'<'hanisin  by  which  non  photic  signals  entrain  tin' 
SCX  has  not  yet  lu'cn  <i('termin<'d.  .Mro.sovsky  (1988)  has  hy|)ot lu'sizi'd  that  state  of 
arou.sal  is  communieatt'd  to  tin'  SCX  via  .s('rotoin'igic  [n'oji'ct ions  from  the  rapin' 
nucU'i.  Oui'  data  lend  support  t<i  this  notion. 

Intei'cst  itigl\'.  the  SCX  period  of  si'iisit  ivil  \-  to  seiotonin  o\('rlaps  tin'  period  of 
.si'usit  i  vit  \-  to  cyclie  .X.MP.  .Application  of  cyclic  .A.MP  analogui's  resulti'd  in  |)has(' 
advance's  in  the  rhythm  wln'ii  applii'd  in  tin'  sid)  ject  i\-e  day  (("f  3  II)  with  a  pe'ak 
sensitivity  Ix't  wec'n  ( o ainl  7  :  t re'at  nn'iit  in  t  In'  subji'i  t i\-e  night  did  not  significant ly 
affect  tin'  rhythm  of  elee-trie-al  activity  ((Jiih'tte  iV  Prosser.  ItlSS).  Similarly, 
administration  of  sidestances  that  e'k'vati'  the  etnloyenons  k-ve'ls  of  cxclic  .A.MP 


SEROTOXIX  REGULATIOX  OF  SCX  PACEMAKER 


639 


(phosphodiesterase  inhibitors  that  prevent  c3’clic  AMP  breakdown  or  stimulators  of 
adenylate  cj’clase)  altered  the  phase  of  the  rhvthm  of  neuronal  activity’  in  a  similar 
manner  (Prosser  &  Gillette,  1989). 

Extensive  research  on  the  organization  of  the  endogenous  pacemaker  in  the  e^’c  of 
the  mollusc  Aplysia  has  led  to  the  conclusion  that  serotonin  plays  a  regulatory  role 
in  that  circadian  pacemaker,  hi  m/ro  experiments  with  the  Aplyda  ocular  pacemaker 
(Current,  Eskin  &  Kav,  1982)  have  demonstrated  that  serotonin  acts  as  a  strong 
phase-shifting  agent  through  a  s(;quence  of  events  separate  from  the  light 
entrainment  pathway.  Bath  applications  of  serotonin  to  preparations  of  the  isolated 
eyes  of  Aplysia,  for  a  minimum  pulse  of  1-5  h,  resulted  in  phase  advances  of  3-A  h 
between  CT  5  and  1 1  and  phase  dela\’s  of  2-5  h  from  CT  22  to  CT  2  (('orrent.  Mcadoo 
&  Eskin,  1978). 

Phase  shifts  similar  to  those  induced  by  sc^rotonin  were  stimulated  bv  cyclic  AMP 
and  its  analogues  (8-benzylthio-cyclie  AMP)  in  the  Aplysia  pacemaker  (Eskin, 
Corrcnt.  Lin  &  Mcadoo.  1982).  In  addition,  administration  of  phospluxliesterase 
inhibitors  (3-isobutyl- l-methylxanthine.  IBMX.  BO20-1724  aiul  |)aj)averine)  that 
block  cyclic  AMI’  breakdown  resulted  in  st^rotonin-like  pha.se-shifted  rhythms  (Eskin 
et  al.  1982).  When  the  phosphodiesterast;  inhibitor  was  administered  simultaneously 
with  serotonin,  no  augmentation  was  seen  suggesting  that  cyclic  AMP  and  serotonin 
were  acting  through  the  .same  pathway  (Eskin  c/  al.  1982).  Additional  support  for  this 
proposition  comes  from  the  hnding  that  serotonin  produces  changes  in  tlu- 
endogenous  levels  of  cyclic  AMP  in  the  eye  of  Aplysia  (Eskin  el  al.  1982).  Further 
steps  in  the  .serotonin  pathway  have  also  been  studied.  'I'he  protein  .syntlu'sis 
inhibitor,  anisomycin,  blocks  .serotonin  phase-shifting  after  the  cyclic  AMP  step 
suggesting  a  requirement  for  .synthesis  of  a  specific  protein  or  increased  levels  of 
certain  |)roteins  for  the  cyclic  AMP  effect  (Eskin.  Yeung  &  Kla.ss.  1984;  Yeung  & 
E.skin.  1987). 

Cbmpari.son  of  our  results  in  rat  Sf^X  with  the  sensitive*  circadian  |H‘riods  in  the 
Aplysia  ocular  |)acemaker  reveal  a  surprising  correlation.  The  .s(>nsitive  ix'riod  of  rat 
SCX  to  |)hase  advance  by  .serotonin  is  (T  3  9;  that  of  Aplysia  eye*  is  CT  o  II.  'I'his 
temporal  correlation  of  circadian  pacemaker  sensitivity  to  serotonin-  and  cyclic 
AMP-induced  phase  shifts  in  such  phvlogenetically  distant  organisms  sugge-sts 
<*onservation  of  circadian  pacemaker  mechanisms,  'riie  maximum  pha.se*  shifts 
ob.served  in  the  rat  (7  t)  +  0  l  h)  were  significantly  greatc'r  that)  the  3  ')  h  |)hase  shift 
in  Aplysia  (Eskin  el  al.  H)82).  The  treatiiK-nt  times  that  we  used  were  also  more  than 
an  order  of  a  niagnit\)de  shorter,  .o  min  rs.  l  oh.  Tht*  mechanism  underlying  the.se 
difl'crences  in  .sensitivity  is  umdear.  but  such  differences  are  eharaelerist  ie  of  I  lu* 
respective  .sensitivities  of  the.se  two  organisms  to  ollit'r  eirciulian  piui.se-shifting 
stimuli. 

'Pile  phase  shifts  observed  after  treatnient  with  .st'rotom'igie  .igonists  suggest  (h<)t 
a  o-lTP,  receptor  ma\'  be  involved  in  mediating  serotonereie  signals  to  the  S('.\. 
Xeither  definitive  ehissifieation.  nor  fiinetional  and  .iniilomieal  (list libut ion  of  the 
serotonergic  I'ceeptor  subtyjx's  ))i'es(>nt  in  thi*  SCX  has  bi'i*))  ih'ti’rmined.  The*  .■)  HT, 
rcee|)tors  comprise  ji  family  of  receptor  subtypes  that  ai-e  ladiolahelled  w  ith  I  ’lllo 
H'P.  'Pile  o-H'l’i.v  I'ceeptors  have  been  identific'd  bv  radiolahelling  with  (''1118-011 
DP.A'P  (.Middlemiss  it  h'ozard.  1983;  l)e  \’ivo  &  .Maa\'iU)i.  1986).  'Phe\'  ai'c  <i  distinct 
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group  of  rcoe])tors  that  work  through  au  adenylate  cyclase  pathway  in  a  nutnher  of 
systems.  There  is  conHieting  evidenee  in  terms  of  the  meelianism  of  action  of  the  5- 
HT,^  receptors,  as  theii*  are  some  reports  that  indicate  tluit  it  acts  through  elevation 
of  eyelic  AMP  levels  (Marksteiii.  Hoyer  &  Engel.  1986).  wliile  others  suggest  that  it 
is  negatively  eoujiled  to  cyclic  AMP  (Weiss.  Sebhen.  Kemp  &  Poekaert.  1986).  Our 
results  not  only  confirm  the  specificity  of  the  serotonin-induced  phase  shifts  l)ut  also 
lend  support  to  the  notion  of  a  possible  cyclic  AMP-coupled  mechanism. 

The  effects  of  (pii|)azine.  a  non-specihc  serotonergic  agent  with  rej)ortcd  agonistic 
and  antagonistic  effects  (Peroutka.  1988).  have  been  tested  with  bath  application  to 
S('X-containing  hypothalamic  slices  (Prosser.  Miller  &  Heller.  1990).  Quipazine 
induced  more'  modest  (4  h)  phase  advances  of  SCX  rhythms  in  the  day-tinu' 
eom])ared  with  .serotonin;  fr«'attnenl  at  night  induced  4  h  |)has<'  <lelays.  That  study 
differed  both  pharmacologically  and  methodologically  from  ours  in  ways  that  would 
contribute  to  the  differing  results.  It  is  surprising  that  the  hour-long  e.xposurc'  of  the 
whoh'  slic(‘  to  a  higlu'r  concentration  of  ()uipazine  should  pioduce  significantly  lowci' 
am))litude  pha.se  advances  than  a  very  loealizc-d.  bi'ief  ap|)lication  of  a  lou'cr 
concentration  of  .serotonin.  However,  an  extemsive  range  of  .serotonit)  recc'ptot  sites 
and  subtxpes  have  beam  report«al  throughout  the  hypothalami<'  legion  included  in 
t lu'  slice  (Dean.  .Miller  &  Dmnent .  I !)99)  and  all  u ould  Ix'  e.vpo.sed  to  (juipazini'  during 
bat h  afiplicat ion. 

'I'ogct  her  I  Ik'sc  t  wo  st  udies  suggest  I  hat  I  here  may  l>e  topographic  variations  in  the 
fum-lion  of  sci'olonin  receptors  in  the  St'X  ami  m-arby  h\'pot halamus.  In  the  da\'- 
tiim-  <|uiiiazinc  may  havi-  proiiueed  different  effects  at  the  various  .si'rotoiiin  reccptoi' 
sites  and  ty|K‘s  that  suninxal  to  <lamp  the  full  shift  inducible  at  <lorsal  rapht' 
projection  sites.  More  intriguing  is  the  |)ha.se  delay  |iroduce<l  at  night  by  cjuipazinc. 
but  not  si'rotonin  or  5-carbo.xamidotryptamine.  It  cannot  be  explained  by  instability 
of  the  serotonin  .solution:  .serotonin  was  appliial  within  lo  min  of  preparation  and  '>■ 
carbo.xainidot ryptamine.  a  stable  analogue,  produced  the  same  responses.  'I’he 
finding  that  pba.se  delays  were  slimulat<-d  only  with  bath  application  suggests  that 
perhaps  phase  delays  and  pha.se  a<lvanc<-s  are  mediated  through  different  pathways 
in  the  mammalian  circadian  .system.  Serotonergic  pathways  that  terminate  at 
hy))ot balamic  regions  near  tin'  St'X.  Init  do  not  o\-erlap  with  the  retino 
hypothalamic,  genieido  hyp<>tbalamie  or  ra))he  projections  to  the  ventrolateral  St'X 
would  be  candidates.  This  provocative  hypothesis  deseiA'cs  further  iinesl  igat  ion. 

Our  study  demonstrates  a  regulatory  role  for  si'rotonin  in  the  rat  .St'X.  While  the 
raphe  input  is  not  m'cessary  to  sustain  ciri'.nlian  'hyt lunieity  in  l  ilni.  it  may  play  an 
integrative  role  in  (lie  temporal  organization  ofthi'  mammalian  linadian  .system 
The  raphe  acts  to  modulate  arousal  states  and  integrate  behax'iour  in  response  to 
changes  in  motor  aitivity.  wakefulness  and  other  physiological  functions.  In  the 
eireadian  .system  .serotonin  from  the  raphe  may  seiaa-  as  a  mes.seiiger  of  daih. 
I'hyt  hmie  ehatiges  in  the  arousal  state  of  t  he  animal.  St  i  mu  la  t  ion  of  t  he  serotonergic 
system  alters  the  pha.se  of  t  he  pacemaker  in  ritm.  and  it  may  function  similarly  in 
rim  to  synehroni/.e  the  p.ieem.aker  to  soei.il  or  behariour.al  changes  in  the 
environment . 

This  stmiv  \N  as  S(tjt|>i>r1tsl  to  llie  t 'S  .\ir  piioe  lUtice  et  .Sriellt  ilic-  Pese.itrl)  (ttOOLhl.'il 
I’rclillim.'II  V  liridlllgs  \lr|e  jitesenli'il  111  llie  .S.i..ii.|v  III!  .N'l'lU'i'i'lellie  lltIMI 
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Abstract.  The  central  role  of  the  suprachiasmatic  nuclei  (SCN)  in  regulating 


mammalian  circadian  rhythms  is  well  established.  We  study  the  temporal 

_  IK  SCN _  t(Jc 

organization  of  neuronal  propeitiesjming  a^n^othalaraic  brain  slice  preparatior^ 


Vfrem-ratV  Electrical  properties  of  single  neurones  are  monitored  by  extracellular  and 
"  ^  ^  /> -/Ae  Jr  A/ 

whole  cell  patch  recording  techniques.  The  ensemble  of  neurones  imdergoes 

A- 


circadian  changes  in  spontaneous  activity,  membrane  properties  and  sensitivity  to 


phase  adjustment.  At  any  point  in  this  cycle,  diversity  is  observed  in  individual 
neurones’  electrical  properties,  including  firing  rate,|^attern  and  response  to  injected 


current.  Nevertheless,  SCN  generate  stable,  near  24,-hr  oscillations  in  ensemble 


neuronal  firing  rate  for  at  least  ^  days  in  vitro.  The  rhythm  is  sinusoidal,  with  peak 
activity,  a  marker  of  phase,  appearing  near  midday.  In  addition  to  these 
electrophysiological  changes,  the  SCN  undergo  sequential  changes  in  vitro  in 


sensitivities  to  adjustment.  During  subjective  day,  the  SCN  progress  through  periods 

CJCU<L 

of  sensitivity  tol  ^AMP,  serotonin,  neuropeptide  Y,  and  then  to  melatonin  at  dusk. 


CtjcllC 


During  the  subjective  night,  sensitivities  to  glutamate, and  then  neuropeptide 
are  followed  by  a  second  period  of  sensitivity  to  melatonin  at  dawn.  Because  the 


SCN,  when  maintained  in  vitro,  are  in  constant  conditions  and  are  isolated  from 

'l^  1k(  SCN 


afferents,  these  changes  must  be  generated  within  the  jSCNl  clockj^  The  changing 
sensitivities  reflect  underlying  temporal  domains  that  are  characterized  by  specific 
sets  of  biochemical  and  molecular  relationships  which  occur  in  an  ordered  sequence 
over  the  circadian  cycle. 


Circa ''/uc-ir  a d/ 1,' j I /i r. 

. _ .  ^ 
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^  The  paired  suprachiasmatic  nuclei  (SCN)  of  the  hypothalamus  are  the  seat  of  the 
primaiy  circadian  timejkeeping  mechanism  of  mammals.  The  SCN  mark  the  passage 
of  time  in  near  2AAk  cycles.  It  is  here  that  entraining  signals,  initiated  by 

^  Ji\  rr 


iO  Oi 


environmental  change.'^tegrate  ^d-aet  to  adjust  the  phase  of  the  pacemaker. 


ol 


Efferent  signals  from  the  SCN  organize  and  regulate  metabolic,  physiologi^and 
behavioural  functions  that  occur  in  circadian  patterns.  jiiVhiW  a-aumber-of-the  p< 
this  ^roposiunl  address  aspects  of  the  mammalian  circadian  systemUn^rganismi^: 

Kf-vc  /i  C  lA/f-  II  4L/-  .1  J/  , 


Wg-  si'O  II  _ _  cj -I'ac  Scr4  it-C't 

jStudies,  this-paper-wiil  examine  |S^  ^euronal  and  pacemaker  properties^expressed  in 

a  hypothalamic  brain  slice.  Because  our  studies  evaluate  SCN  isolated  in  vitro,  we 
directly  assess  intrinsic  properties.  We  have  found  that  the  SCN  is  composed  of  an 


electrophysiologically  diverse  group  of  neurones  that  function  remarkably 

^  kot/r 

autonomously:  The  SCN  generate  stable,  near  24^|rhythms  of  ensemble  neuronal 

activity  in  vitro  and  undergo  an  orderly  sequence  of  changes  in  sensitivity  to  stimuli 

_ 

that  [induce  phase'^sidjustmefllt.  The  pattern  of  responsiveness  to  neurochemicals 
known  to  be  contained  in  SCN  afferents  demonstrates  that\  clock  Organization  is  more 


—  YircS  K5- 


■\U(rr(:  is 


complex  than  simply  night^vw  day  processes;  rather,  our  findings  suggestja  continuous^ 
changing  series  of  sensitivities  to  multiple  phase-adjusting  stimuli.  This  sequence 
must  reflect  changes  m  underlying  cellular  processes,  or  temporal  domains.  These 

domains  are  functional  epochs,  characterized  by  specific  biochemical  or  molecular 

-lo 

£L 

substrates  and  their  interactions,  which  are  linked  together^enerating  the  daily  order 
of  the  circadian  clock’s  cycle. 
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CK  l^j-p  o4K^d  (X  M  i‘  c 

The  experimental  ^stem  that  we  is  SGN  b^aiii  slice  from  inbred  Long- 


Evans  rats  ^5-lO^iW^Ttdiffers  from  organisnutj^tudies  of  clock  function  in  several 
important  ways^^^irst,  we  have  dissected  the  SCN  out  of  the  central  nervous  system  into 
a  500  /tm  coronal  slice  of  hypothalamus.  Therefore,  the  activities  and  circadian 
properties  that  we  measure  must  be  generated  spontaneously  within  the  tissue  slice.  The 

-  O' 

slice  contains  less  than  the  800  /urn  rostr|j^udal  extent  of  the  nucleus;  we  study 

properties  of  the  medial  portion,  primarily.  Jt-fbHows-thaSt  any  circadian  patterns  that 

ore  * 

we  observe|\veiild-b4  the  result  of  activity  in  less  than  the  entire  nucleus  and  would 
indicate  that  there  is  redundancy  in  pacemaker  organization. 


Second,  the  suprachiasmatic  slice  is  studied  in  a  defined,  constant  environment  with 
minimal  supplementation.  The  fresh  slice  is  placed  in  a  brain  slice  chamber  at  the 
interface  of  a  moist,  95%  02:5%  CO2  atmosphere  and  the  glucose-bicarbonate- 
supplemented  medium  (Earle’s 'balanced  Sdt  Solution,  37  °C),  maintained  at  pH  7.4  and 

perfused  at  34  ml/hj  (see  Prosser 'ipid  Gillettej(^  1989  for  complete  methods).  The  SCN 

wU'«ck. 

are  clearly  visible  in  the  slice^  poFraks-  the  investigator  ^-havd,  precise  control 
over  the  sites  of  measurement  and  drug  treatment.  The  in  vitro  preparation  thus  has  the 
advantage  of  a  high  degree  of  control  over  the  chemical  and  physical  environment  while 
manipulations  are  made  under  clear  visual  guidance. 


Third,  the  SCN  that  we  study  within  the  brain  slice  are  removed  from  the  influence 
of  other  brain  regions  and  humoral  factors.  After  the  suprachiasmatic  slice  has  been 
cut,  the  base  of  the  hypothalamus  is  surgically  reduced  to  exclude  (supraoptic  nuclei, 
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although  part  of  the  paraventricular  nuclei  may  be  included  in  the  slice  .as  the  third 


St 


ventricle  is  intact  dorsally.  Thus,  in  the^preseaf  studies,  the  SCN  are  free  of  the  primary 
brain  regions  that  project  to  and  regulate  them,  as  well  as^eedback  loops.  Electrical 
properties,  spontaneous  activities  and  sensitivities  to  chemical  perturbations  are  assessed 
directly  in  the  free-rurming  clock^with  little,  if  any,  contamination  from  signals  from 
other  sites.  Our  measure  of  phase  is  the  peak  of  the  circadian  rhythm  of  firing  activity 

proboiil^ 

of  the  neuronal  ensemble,  which  most^ikely  represents  both  intrinsic  signalling  and 
primary  neural  output  of  the  clock.  Any  circadian  changes  that  we  measure  in  vitro  are 

^  Wkul^ 

those  generated  spontaneously  within  the  SCN,  that  is,  those  are  components  of  or 
are  driven  by  the  time-keeping  mechanism. 


A  primary  property  attributed  to  the  SCN  from  organismic  studies  is  that  of 
endogenous  oscillation  with  a  period  about  that  of  the  day,  i&,  circadian.  This 


our 


hcco.'Ce 


IAS^  y 


behaviour  can  be  studied  ingrain  slices-maintained  .under  these  condition^(^they 


r" 


surviv^for  at  least  ^  days  in  vitro.  At  any  one  time  point  within  the  daily  cycle,  SCN 
neurones  show  diversity  in  rates  and  patterns  of  spontaneous  activity.  Circadian 
measurements  made  with  whole  cell  patch  recording  methods  in  the  brain  slice  (Blanton 
et  cd^  1989)  demonstrate  that,  electrophysiologically,  the  SCN  may  be  composed  of 


-f-r 


considerably  more  cells  types  than  first  reported  (Wheal  and  Thompson^- 1984). 
Preliminary  determinations  found  that  75%  of  over  50  neurones  sampled  were 
spontaneously  active,  with  firing  patterns  ranging  from  very  regular  to  irregular  random 
and  burst  patterns  (Gallinan  and  Gillette^  1992).  neurones  of  the  various  types 

could  be  found  across  the  circadian  cycle,  ^circadian  patterns  of  firing  frequency, 
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membrane  potential  and  specific  membrane  conductance  were  apparent  (Gallman  and 

\ 

Gillette^ 1993).  N^erthelf^  ^cadian  changes  in  firing  fi-equency  of  the  sample 
measured  with  whole  cell  patch  recording  resemble  the  sinusoidal  oscillation  recorded 
extracellularly  for  the  neuronal  ensemble  (^ig.  1,  Gillette^  1991):  "^ean  firing  rate  peaks 

^  A 

midjsubjective  day,  alternating  with  a  trough  during  subjective  night. 


The  pattern  of  oscillation  in  spontaneous  activity  of  the  ensemble  of  single  units 


lonsccL<1^^c 


monitored  extracellularly  is  remarkably  stable  over^bmltiple  2^^  Qrcles,  so  that  the 

V  V 

timejof|peak  activity  is  a  reliable  marker  of  phase  (Prosser  and  Gillette^/ 1989).  Despite 
the  fact  that  the  tissue  contains  significantly  less  than  the  entire  SCN  and  is  maintained 
in  glucose-supplemented  mininal  salt  solution,  the  period  of  the  daily  oscillation  is  near 


(a  ours 


24-M.  These  observations  reveal  that  isolated  SCN  are  able  to  spontaneously  regenerate 
circadian  rhythmic  neuronal  activity  cycles only  an  exogenous  energy  source. 
Further,  because  this  occurs  regularly  in  coronal  slices  which  inevitably  cut  through  some 
portion  of  the  SCN,  jthe  pacemaker^ust-be^^undan/  within  the^ostr^ii^udal^SCN 


(Gillette^j'  1991). 


VccAuAciawc 


Jx 

A  second  property  attributed  to  circadian  clocks  from^tudy  of  organisms/is 


-!^C 


differential  sensitivity  to  phase  adjustment.  This  was  tested  in  SCN  in  vitro  with 

Cyclic  AMP  ^ 

stnictural  analogs  of  the  ubiquitous  second  messenger)|(cAMl),  J(V-numberx)f  8- 
substituted  cAMP  analogs,  including  8-bcnzylainino-cAMP  (BA-cAMP),  8-bromo-cAMP 
(Br-cAMP)  and  8-chlorophenylthio~cAMP,  when  bath  applicdj^or  during 

subjective  daytime,  permanently  advanced  the  timejof|peak  neuronal  activity;  non-c\'clic 
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2^  _  ^  ^ 

8-BA-5’AMP  was  ineffective  (Gillette  and  Prosse^  1988^^  Prosser -and  Gillett^  1989). 

When  SCN  were  treatedimidday,  peak  firing  appeared  4.5  hj  before  the  ejqjected  timei 
^  'ii\  ^  ^  (UA  noV  produce 

jof^al^  fe^the  two  cycles  monitored  thereafter.  These  analog  Vwere-ineftectivg~at 

iWif+s  ii^crc^fsc 

phase}adjustni|l&Bi[during  subjective  night  (Fig.  2).  Likewise,  ^^eatments  that  ^elevate 

endogenous  cAMP,  such  as  forskolin  or  R^^O-1724,  were  effective  only  in  the  daytime. 

i'€ 

Conversely,  Br-cGMP,  a  structurally  related  purine  tyclic  nucleotide  analog,  was  effective 

in  antiphase  to  Br-cAMP  and  BA-cAMP;  it  adjusted  phai^nlyjat  nighttime  (Fig. 

2,  Prosser  et  1989.)  These  were  the  first  demonstrations  (of[not  onlyjphase  adjustment 

in  the  isolated  SCN,  but  also  of  spontaneous  waxing  and  waning  of  one  sensitivity 

^iOblishCo'  p^Si  jL 

followed  by  another.  V/itft  these  findingsj^  persistence  o^SCN  clock  properties ^ 


Both  cAMP  and  cGMP  are  potent  regulators  of  cell  state.  Their  8’-analogs  are 

h 

exceptional  activators  of  the  ^?e5^e^ve\protein  kinases  regulated  by  these  cyclic 

^  nucleotides^  and  ^^^nJ^slowl^Mraded  (Meyer  and  Mille^  1974).  Differential  jpleek 

0-(-  *11^  clock.  - 

sensitivity  |to  each^ver  the  "circadian  cycle  may  be  modulated  at  Ipultiple  levels.  "^He- 

-N  Ci)hcey\ifa-bitms 

the  concentrations  of  the»  kinases  do^^  not  appear  to  change,  the  level^of  their 

regulatory  cyclic  nucleotides  as  well  as  the  phosphorylation  states  of  the  kinases  and 

V  V  ^ 

\lh  some  substrates  oscillate  over  the  24jhi  cycle  (Prosser  and  Gillette;^  199lVFaiman  and 

Gillette^.  1992^  Weber  and  Gillette^  199^).  The  critical  point  at  which  these  changes 

i'' 

^ adjust  the  clock  mechanism  has  yet  to  be  determined. 


llie  identity  of ysynaptic  neuromodulators  mediating  phasejadjuslmcnt,  including 
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those  activating  these  second  messengers,  is  not  yet  known;  however,  jbr^tumber  of 

io 

jeandidate^  are  ^aggestedl^j(r. neuroactive  substances jbcalized  in  afferent  and  ^ 
those  with  ligand  .binding  sites  within  the  SCN.  Major  projections  to  the  SCN  include 

r 

those  from‘.(l)  the  dorsal  raphe,  containing  serotonin  (5-hydroxytiyptamine,  5^HT),'(2) 
the  intergeniculate  leaflet  of  the  lateral  geniculate  nucleus,  containing 
neuropeptide  Y  (NPY)  an^(iGABi^  and  (3)  the  retina,  via  the  retinohypothalamic  tract 

,  - -  ^  - - -  art: 

(RHT^  containing  a  glutamate /^GfcU^  precursor  (Fig.  3).  Additionally,  the  SCN  is 

one  of  the  few  brain  regions  that  bind  significant  amounts  of  melatonin  -^ME^j  the 
indoleamine  produced  nocturnally  by  the  pineal.  We  have  explored  the  sensitivities  of 
the  SCN  to  candidate  modulators. 


Neurones  of  the  ventrolateral  SCN  ('^1+SCN)  of  the  rat  receive  serotonergic  fibei;s 
from  the  dorsal  raphe  (Azmitia-aad  Segal^  197^,  Moore  1978,  van  de  Kar  and 

^  jUA-|o/.<AfC  ^  ^  iKt 

Lorens^  1979)^^  as  well  as  NPY-  and  ^rtt|j^ontaining  terminals  fronijlGL  and  retina. 


respectively  (Card  and  Moore^  198^,  Mikkelsen  and  0’Hare^l991,  Castel,er  o//  1993). 

iWC.  '  ^ 

This  indicates  that  the"^^SCN  in|rat  is  a  major  site  of  signal  integration;  furthermore, 
because  these  fib|eV  types  may  synapse  both  upon  each  other  andjthe  same  SCN  neuroi^ 
(van  den  Pol  Gorcs^  1986,  Guy.et  o/y  1987),  this  integration  may  have  both  pre-  and 
post/synaptic  components.  Cognizant  of  the  localized  nature  of  thel  projections^ 


jtermiflatfpn-sitesf  we  designed  these  experiments  to  examine  the  effects  of  localized 
application  of  test  substances  in  microdrops  applied  directly  to  VL?SCN. 


■,A  HKf  .3  C  fsj 


Both  5HT  and  NYP  adjust  $Ch(  phasing^-hen  applied  in  vitro  during  subjective 
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daytime.  The  period  of  sensitivities  to  these  two  neuromodulators  encompasses  the 

period  of  phase^vance  induced  by  non^photic  stimuli  (Mrosovsky^  qU  1989,*  a^  see 

Mrosovslc^  this  volume.)  yflicA  10^  M  5HT'^5^  applied  to  the  VUSCN  in  a  !()■“  ml 

droplet  for  significant  phase  adjustments  (>11^')  jweFe^^el^<^ed  between  CT-a^  J 
^  ^  "to  ^  S-lfT 

(Fig.  4;  Medanic  and  Gillette^  1992).  The  maximal  response  occurrediat  CT  7  when  w^'C‘^ 

5Wr  \reatmcnt  induced  a  7.Q+.0.1 1^  phase  advance.  This  period  of  sensitivity  to  ^ 

SHTjmCTodrop  overlaps  with  but  is  not  identical  to  that  for^tb-appUetj  cAMR  (Fig.  4). 

^  ^  fkn^e  rtipoise -Id  _ ^  ^ 

(Wh^e"difierences  in  the  details  o^5HT  and  cAMP ^hase-respoase  curvgSd(-PRCs)^  could 

it  a.  resi.  of-  - 

/reflect-integrative-responses-due-^  the  differing  extent  of  exposure  to  the  stimulus 

OrcJ  C  7* 

between  microdrop  and  bath  application,  the  similarities,  especially  between  CT  2^  are 

\V6.  3iucU'(s  t'/'A  _ ^ 

strikingyand  suggest^^^rmnon  pathway.  |^onis^and  antagonist  studi^  have  implicated 
a ^TTi^-like  receptor  (Medanic  and  Gillette^  1992,  Shibata.er^fl/^  1992,  Prosser, 

1993).  i^deed^  a  new  cAMP-coupled  5HT  receptor  (5HT?^  has  recently  been  cloned 
from  rat  brain  (Lovenberg^e/j^  1993)^  'Although  it  has  not  been  localized  to  the  SCN, 

should  this  receptor  reside  either  in't^SCN  neurones  or  in  presynaptic  terminals,  it 

^  '-iDdiAud. 

could  modulate  the  early  phase  of  the  51^ shift  by  a  cAMP-dependent  mechanism. 

—  — 

The  disparity  between  the  cAMP  and  5HT  phase  response  curves  after  this  point  would 

^  ^  ^  -to  cx  /O 

suggest  that  the  latter  response,  from  CT  6|^l(Dand  including  the  maximal  effect,  is 
mediated  at  least  partially  by  a  non-cAMP-dependent  mechanism. 


be 


Daytime  sensitivity  to  NPY  microdrops  applied  toVvii^SCN  significantly  lagslthe 


sensitivities  to  cAMP  and  5HT  (Pig.  4,'  Medanic  and  Gilletle^^  ]Qd3).  It  first  appears  at 

0<\^  _ _ 

CT  5^  peaks  at  CT  8  with  a  maximal  phase  shift  of  4.5  l^j  about  2.5  h/  less  than  the  MiT 
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n  k'/  ■ly'. 

peal^and  then  dissipates  in  parahel  with  the  waning  SITE^espense.  This  temporal 

0|  the  ^  ^ 

pattern  of  sensitivity  to  NPY  in  subjective  day  makes  it  unlikely  that  NPY  utilizes  a 


cAMP-stimulating  signal  transduction  mechanism.  A  second  period  of  sensitivity  to 


AV\t 


NPY  anticipates  dawn,  peaking  at  CT  22,  a  time  when  SCN  are  insensitive  to 
Jy  ^ 

.  cAMP  and  cGMPyir-egniatiOji.  This  bimodal  pattern  of  sensitivity  of  the  free-running 
SCN  to  NPY  raises  questions  the  mechanism(s)  regulating  sensitivity.  Is  the 

— receptor  itself  disappearing,  then  reappearing,  or  is  regulation  at  the  level^  of  Signal 

transduction  elements,  or  at  .cellular  substrates  of  the  transduction  cascade?  Our  results 
regarding  changing  sensitivity  to  cAMPXtimulation  would  suggest  that  ^^lattef-relatiGn 
^  iamost  likely.  What  ever  the  level(s)  of  regulation,  these  changes  must  be  close  to  or 
driven  by  the  clock,  and  thus  understanding  them  should  lead  us  toward  a  better 

ihk  rj. 

understanding  of^tim^keeping  elements. 


Nocturnal  sensitivity  of  the  SCN  to  phase  adjustment  must  include  the  neural 


substrates  of  photic  entrainment.  Because  jnult^^e  lines  of  evidence  support  a  role  for 

_ _ ^  ^ •'C'hnol^po-U'Ajart.'/c 

glutamate  j^Gh^ in  mediating^ignals  jpfrhghlS  the  environment  at  ^RITRsynapses  at 


the  VL^SCN  (Rusak  and  Bin^l990!f  Kim  and  Dudek^  199Z),  we  examined  temporal 

uh/^'o  fc  ^ 

changes  in  the  effect  of  focal  application  of  0fctl  to  the  SCN.  One  fjl  drops  ,  which 

su|ir(^ct\ip.j/\ah'c  r\i*cltws  ^ 

effectively  covered  one  $CH  with  10  mM  Gttf  for  10  min,  produced  phase  delays  and 

Ukr  "ttAoic  ^od\^ced  t";}  ^  .  uaWv 

phase  advances  which  are  remarkably|light\lr^  in  time,  shape  and  amplilude|fmaximal 

^  delay  at  CT  M^^and  maximal  advance  at  Cl’  H"  (Ding  and  Gillette/  1993).  Interestingly, 


g- 


X  I 


x/ 


199/ 


0 


[while  this  period  of  sensitivity  spans  that  to  cGMP,  the  bttfiodal  shape  and  lesser 

lo 

amplitude  of  the respon.se^uggest  that  activation  of  cGMP  pathways  cannot 
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wholly  explain  the  jSrCDl  result^  ^  U  i  f ovu  «./£ . 

ol-  ^ 

Interspersed  between  the  daytime  and  nighttime  sequences  of'p&^sensidvities/to 

these  neuromodulators^are  periods  that  represent  the  entrained  light-dark  and  dark-light 

transition  zones.  The  first  of  these,  which  surrounds  environmental  dusk,  coincides  with 

a  period  when  injections  of  the  pineal  hormone^  melatoniny^M^^/  have  been  shown  to 

entrain  rats  and  alter  energy  utilization  in  the  SCN  (Redman,  et  1983,  Cassone,^ 

1986,  1988).  Not  surprisingly,  bath  application  of  !()■’  M  for  60  min  adjusts  the 

subsequent  cycles  of  firing  rate^McArthur,e/  ^1991)  by  advancing  the  clock|up  to 

4.5  h^.  Careful  examination  of/S^N  sensitivity  surrounding  dawn  revealed  a  second, 

narrow  period  of  sensitivity  to/N^^  that  appeared  sharply  at  CT  23  and  then  decayed 
^yVO  4  G-a/et+c, \W) 

— ^  over  the  next  Both  of  these  sensitive  periods  closely  follow  those  to  NYP.  In  this 
— ^  respect,  dooely  resembles  NPY:  "^th  show  two  windows  of  sensitivity,  separated 
by  many  hours,  and-th^  appear  spontaneously  in  the  constant  conditions  in  vitro^ 
without  exposure  to  the  phase-adjusting  agent.  In  the  case  of  these  sensitive 
periods  occur  at  times  when  seasonal  changes  in  nightlength  can  be  expected  to  stretch 
the  duration  of  pineal  MSL  synthesis  into  these  temporal  domains  of  the  SCN. 


)  - 

\^ewmg-the-presenf^ata-as-a-^hole\we  have  accumulated  evidence  that  the 
properties  of  a  circadian  clock  persist  in  SCN  in  vitro.  The  SCN  generate  multiple,  near 
24/li/  cycles  of  en.semble  neuronal  firing  rate  and  show  differential  sensitivity  to  phase¬ 
adjusting  stimuli.  'Hie  patterns  of  membrane  properties  and  neuronal  activity  are 
circadian  even  though  less  than  the  entire  SCN  is  present  in  the  brain  slice.  SCN 
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m  io+£0 

I  continue  to  generate  a  stable  circadian  oscillation  in  the  ensemble  electrical  activity, 

even  though  component  neurones  (6xl^{t  div(srsity  in  electrophysiological  properties. 

_ 

The  contribution  of  the  various  electrophysiological  types  of  neurones  to  integrative  or 
timekeeping  functions  of  the  SCN  is  presently  unknown.  Further,  the  isolated  SCN 

proceed^  through  an  orderly  sequence  of  sensitivities  to  resetting  stimuli.  This  occurs 

oAsU  oj 

without  prior  exposure  to  the  stimuli  during  that  circadian  cycle. /"Each  sensitive  period  ts, 
generally  ^how$  more  rapid  timeft  than  f^scf.  ^dj^euromodulatory  stimulus  identified 
-tbes  far  act^  through  jt  different  signal  transduction  pathwaj^  which  it  insensitive  to  direct 
activation  during  non-sensitive  periods.  Tliis  suggests  that  the  processes  that  regulate 
sensitivity  operate  beyond  the  level  of  the  receptor,  at  least  one  ^fe-^eral  stepS  into  the 
cell,  TTie  cellular  substrates  that  determine  jsensitivity  and  r€pons^characteristicsj{to 
extracellular  regulators  define  separate  temporal  domains  which  appear  as  an  orderly 
sequence  of  biochemical  and  molecular  relationships  that  together  make  up  the  circadian 
cycle.  Understanding  the  components  of  each  domain,  its  positive  and  negative 
regulators  and  the  linkages  between  successive  domains  should  permit  fine  control  of 
phase  adjustment. 
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Do  the  suprachiasmatic  nuclei  oscillate  in  old  rats 
as  they  do  in  young  ones? 


EVELYN  SATINOFF,  HUA  LI,  THOMAS  K.  TCHENG,  CHEN  LIU, 

ANGELA  J.  MCARTHUR,  MARIJA  MEDANIC,  AND  MARTHA  U.  GILLETTE 

Departments  of  Psychology,  Physiology,  and  Cell  and  Structural  Biology  and  the  Neuroscience  Program, 

University  of  Illinois  at  Urbana-Champaign,  Champaign,  Illinois  61820 


Satinoff,  Evelyn,  Hua  Li,  Thomas  K.  Tcheng,  Chen 
Liu,  Angela  J.  McArthur,  Marija  Medanic,  and  Martha 
U.  Gillette.  Do  the  suprachiasmatic  nuclei  oscillate  in  old  rats 
as  they  do  in  young  ones?  Am.  J.  Physiol.  265  (Regulatory 
Integrative  Comp.  Physiol.  34);  R1216-R1222, 1993. — The  basis 
of  the  decline  in  circadian  rhythms  with  aging  was  addressed  by 
comparing  the  patterns  of  three  behavioral  rhythms  in  young 
and  old  rats  with  the  in  vitro  rhythm  of  neuronal  activity  in  the 
suprachiasmatic  nuclei  (SCN),  the  primary  circadian  pace¬ 
maker.  In  some  old  rats,  rhythms  of  body  temperature,  drink¬ 
ing,  and  activity  retained  significant  24-h  periodicities  in  en¬ 
training  light-dark  cycles;  in  others,  one  or  two  of  the  rhythms 
became  aperiodic.  When  these  rats  were  23-27.5  mo  old  they 
were  killed,  and  single-unit  firing  rates  in  SCN  brain  slices  were 
recorded  continuously  for  30  h.  There  was  significant  damping 
of  mean  peak  neuronal  firing  rates  in  old  rats  compared  with 
young.  SCN  neuronal  activities  were  analyzed  with  reference  to 
previous  entrained  behavioral  rhythm  patterns  of  individual 
rats  as  well.  Neuronal  activity  from  rats  with  prior  aperiodic 
behavioral  rhythms  was  erratic,  as  expected.  Neuronal  activity 
from  rats  that  were  still  maintaining  significant  24-h  behavioral 
rhythmicity  at  the  time  they  were  killed  was  erratic  in  most 
cases  but  normally  rhythmic  in  others.  Thus  there  was  no  more 
congruence  between  the  behavioral  rhythms  and  the  brain  slice 
rhythms  than  there  was  among  the  behavioral  rhythms  alone. 
These  results,  the  first  to  demonstrate  aberrant  SCN  firing 
patterns  and  a  decrease  in  amplitude  in  old  rats,  imply  that 
aging  could  either  disrupt  coupling  between  SCN  pacemaker 
cells  or  their  output,  or  cause  deterioration  of  the  pacemaking 
properties  of  SCN  cells. 

brain  slice;  circadian  rhythms;  body  temperature;  activity; 
drinking;  rat 

THE  BIOLOGICAL  CLOCK  in  the  suprachiasmatic  nuclei 
(SCN)  produces  timing  signals  that  generate  circadian 
rhythms  in  physiological  and  behavioral  systems.  Nor¬ 
mal  biological  rhythm  functioning  contributes  to  good 
health  and  well-being  (1,  2).  During  aging,  many  char¬ 
acteristics  of  rhythmic  behaviors  deteriorate;  the  two 
most  commonly  seen  changes  are  decreased  amplitude 
and  a  disruption  of  normal  patterning  (13).  There  are 
important  questions  to  be  asked  about  these  changes, 
including  possible  changing  relationships  among  behav¬ 
ioral  rhythms  aiul  ))elween  the  SUN  and  behavioral 
rhythms,  as  well  as  changes  within  the  SUN.  Do  all 
circadian  rhythms  become  disrupted  at  the  same  time, 
or  does  one  invariably  deteriorate  before  another,  or  is 
there  no  pattern  to  the  loss  of  rhythmicity?  Does  the 


deterioration  reflect  changes  in  the  circadian  clock  itself 
or  in  the  interaction  between  the  clock  and  the  overt 
behaviors  it  regulates? 

Changes  in  rhythmic  behaviors  could  be  due  to  alter¬ 
ations  in  rhythmic  neuronal  activity  in  the  SCN  of  the 
hypothalamus,  a  principal  pacemaker  that  organizes  cir¬ 
cadian  rhythms  in  mammals  (18).  In  rats,  SCN  lesions 
disrupt  circadian  rhythmicity  in  many  behaviors  (see 
Refs.  15  and  19  for  review).  The  SCN  generate  a  near 
24-h  rhythm  of  multiunit  activity  in  vivo  (8).  When 
isolated  in  vitro,  the  SCN  continue  to  produce  a  circa¬ 
dian  rhythm  of  electrical  activity  (5,  6)  that  is  stable  for 
multiple  cycles  and  matches  the  rhythm  in  vivo  (11). 
The  rhythm  of  2-deoxyglucose  uptake  in  an  SCN  slice  is 
proportional  to  the  rate  of  glucose  utilization  in  light- 
entrained  rats  (10).  Cultured  SCN  cells  retain  the  ca¬ 
pacity  for  circadian  oscillation  (9).  Thus  the  SCN  in 
vitro  is  an  appropriate  preparation  for  assessing  SCN 
rhythms. 

Homeostatic  regulations  also  deteriorate  in  aging  or¬ 
ganisms  (7,  12).  This  leads  to  the  question  of  whether 
the  decline  in  circadian  rhythmicity  might  be  a  masking 
effect.  Masking  usually  refers  to  an  environmental  cycle 
exerting  a  strong  exogenous  influence  on  a  biological 
variable  without  a  direct  effect  on  the  underlying  timing 
process.  We  use  the  term  here  to  refer  to  a  physiological 
system  exerting  a  strong  effect  on  its  overt  rhythm.  For 
instance,  if  renal  insufficiency  or  vasopressin  dysfunc¬ 
tion  caused  increased  drinking  during  the  day,  the 
drinking  rhythm  might  disappear,  but  this  would  not 
imply  loss  of  control  of  the  rhythm  via  the  pacemaker. 
Similarly,  if  a  decrease  in  one  rhythm  (e.g.,  activity) 
caused  a  reduction  in  another  rhythm  to  which  it  is 
linked  (e.g.,  body  temperature),  this  would  also  be  a 
masking  effect. 

Although  we  did  not  look  for  masking  effects,  we  did 
try  to  determine  whether  the  deterioration  of  circadian 
rhythms  in  elderly  rats  was  accompanied  by  changes  in 
rhythmic  neuronal  activity  in  the  SCN.  If  changes  in 
behavioral  rhythmicity  were  mirrored  by  changes  in  this 
measure  of  output  of  the  primary  pacemaker,  then  we 
could  infer  that  the  changes  in  the  behaviors  were 
caused  by  alterations  in  neuronal  relationships  very 
close  to  the  oscillator  as  well  as  possible  deteriorations 
in  homeostatic  r<‘gulations  further  downstream. 
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Fig.  3.  Circadian  variation  in  the  ensemble  firing  rates  within  the  old  (n 
=  8)  and  young  (n  =  4)  groups  of  rats.  Two-hour  sliding  window  aver¬ 
ages  of  neuronal  firing  rates  were  calculated  for  individual  subjects  at 
30-min  intervals.  These  mean  values  were  averaged  within  each  group  to 
produce  the  plotted  values.  Group  averages  for  time  points  with  fewer 
than  two  subjects  were  not  calculated.  The  amplitude  is  lower  for  the  old 
group  (P  =  0.016,  see  text). 

by  visual  inspection  of  a  graph  of  these  values  for  the  symmetri¬ 
cally  highest  point.  Recording  was  performed  blind,  i.e.,  without 
knowledge  of  the  previous  behavioral  history  or  age  of  the  rats. 
In  addition  to  the  13  rats  whose  behavioral  histories  had  been 
recorded,  slice  recordings  were  also  made  from  two  2-mo-old 
rats  on  which  prior  behavioral  rhythms  were  not  recorded. 

Curve  fitting  and  statistical  analyses.  For  curve-fitting  analy¬ 
sis,  single-unit  raw  data  points  were  grouped  into  overlapping  2- 
h  bins  at  30-min  intervals.  Such  sliding  window  averaging  acts 
as  a  low-pass  smoothing  filter  that  reveals  long-term  temporal 
changes  by  smoothing  their  inherent  heterogeneity.  A  periodic 
parametric  curve  was  fitted  to  each  subject’s  sliding  window 
averages.  The  form  of  the  curve  was  designed  to  describe  the 
typical  shape  of  a  young  rat’s  sliding  window  average.  The  equa¬ 
tion  of  the  curve  is  Hz  =  offset  -I-  exp[(amplitude  *  sin  (phase)], 
with  phase  =  [(CTl)/24]  •  2ir.  Offset  and  amplitude  are  param¬ 
eters  that  are  optimized.  Phase  fixes  the  time  of  peak  for  the 
curve  at  CT7.0,  the  normal  time  of  peak  for  young  rats  (11). 
Parameter  values  for  the  old  and  young  groups  were  compared 
using  t  tests. 

RESULTS 

Body  temperature,  activity,  and  drinking  rhythms  were 
recorded  for  35-178  days.  Figure  1  shows  these  patterns 
of  body  temperature,  activity,  and  drinking  of  one  young 
and  seven  old  rats  for  the  last  1-2  mo  before  death.  It  is 
readily  apparent  that  there  is  no  consistency  between  age 
and  rate  of  decline  in  circadian  rhythms  in  these  outbred 
rats.  One  extreme  was  rat  OF46  in  which  all  three 
rhythms  remained  strongly  entrained  to  the  LD  cycle,  as 
was  true  of  the  young  rats  whose  SCN  activity  patterns 
were  analyzed  in  vitro  and  30  other  young  rats  in  the 
laboratory.  The  other  extreme  is  represented  by  rat  OF45, 
which  had  no  body  temperature  or  drinking  rhythm  but 


maintained  a  weakly  significant  activity  rhythm.  Two 
male  rats,  OM23  and  OM29,  had  very  similar,  strongly 
entrained  patterns  of  body  temperature  and  weaker 
rhythms  of  activity  and  drinking.  'The  body  temperature 
rhythm  in  a  third  male,  OM13,  appeared  to  free-run  while 
activity  and  drinking  rhythms  were  still  discernible. 

Periodograms  for  the  last  10  days  of  data  for  the  rats  in 
Fig.  1  are  shown  in  Fig,  2.  In  general,  the  behaviors  of  the 
old  rats  were  very  variable  with  respect  to  rhythmicity. 
One  behavior  could  be  rhythmic  without  any  correlation 
between  it  and  the  presence  or  strength  of  rhythmicity  in 
the  other  two  behaviors.  In  four  of  the  old  rats  body 
temperature  showed  a  strong  24-h  period,  while  at  the 
same  time,  the  24-h  periodicity  of  activity  and  drinking 
might  also  be  strong  (OF46),  be  considerably  weakened 
(OM23,  OM29),  or  show  more  power  in  one  rhythm 
(drinking)  than  another  (activity;  OF50).  A  fifth  rat 
(OM13)  had  many  weakly  significant  ultradian  frequen¬ 
cies  in  body  temperature  and  weak  circadian  drinking 
and  activity  rhythms.  The  body  temperature  rhythm  of 
OF49  had  a  weak  8-h  periodicity.  At  the  same  time  there 
was  a  weak  12-h  and  24-h  periodicity  in  the  drinking 
rhythm  and  a  12-h  rhythm  in  activity.  OF45  lost  its  body 
temperature  and  drinking  rhythms  but  maintained  a  cir¬ 
cadian  period  in  activity.  In  summary,  these  three  behav¬ 
ioral  output  measures  of  the  pacemaker  were  not  corre¬ 
lated  with  each  other  either  within  an  individual  rat  or 
between  rats. 

The  right  side  of  Fig.  2  shows  the  30-h  free-running 
pattern  of  the  ensemble  single-unit  activity  in  the  SCN 
slice;  recording  began  1  h  after  the  rats  vere  killed.  The 
top  record  (YF09)  is  characteristic  of  SCN  activity  in 
young  rats  (11),  with  a  sinusoidal  pattern  that  has  a  single 
peak  in  SCN  unit  activity  at  CT"?  on  both  day  1  and  day 
2  and  a  peak  amplitude  of  ~6  Hz.  This  agrees  closely 
with  previous  work  with  respect  to  time  and  amplitude  of 
the  first  peak  recorded  in  vitro  (11).  The  brain  slice  re¬ 
cording  of  OM29  looks  like  that  of  a  normal  young  rat, 
with  a  single  peak  per  day  at  around  CT7.  Yet  the  SCN 
unit  activity  of  OM23,  whose  behavioral  rhythms  are 
essentially  identical  to  those  of  OM29,  was  the  flattest  of 
any  of  the  old  animals,  with  no  clear  initial  peak.  OF46, 
which  had  three  strong  behavioral  rhythms,  had  a  slice 
rhythm  that  did  not  have  a  sharply  defined  peak.  The 
other  four  rats  shown  in  Fig.  2  had  aberrant  patterns  of 
SCN  neuronal  activity.  Most  rats  had  multiple  peaks  that 
appeared  at  unexpected  times,  and  they  were  not  the 
same  time  for  any  rat  (e.g.,  OF50,  at  CT4,  10,  12,  and  18, 
OM13  at  CT21  and  24,  OF49  at  CT22,  and  OF45  at 
CT13-14,  0-1,  and  4).  Thus  there  was  no  more  correla¬ 
tion  between  this  fourth  measure  of  pacemaker  output, 
pattern  of  SCN  firing  rate,  and  the  three  behavioral  mea¬ 
sures,  than  there  was  among  the  behavioral  measures 
themselves. 


Fig.  2.  Thri'r  left  cohimrut:  periodograms  of  body  lemperalure,  artivity,  and  drinking  of  the  same  rats  as  in  Fig.  I  for  the 
10  days  before  the  slice  recording.  The  pcriodogram  was  normalized  by  making  the  total  variance  =  1 .  The  power  of  each 
variable  can  be  compared  with  the  power  for  the  same  variable  in  other  rats  but  not  with  different  variables  in  the  same 
rat.  The  horizontal  line  is  the  while  noise  level.  The  dashed  line  (in  some  cases  only  visible  in  the  graphs  with  high 
power)  is  the  lower  limit  of  the  !)9.y9'’i'  confidence  interval  for  each  frequency.  Right  ailumn:  S('N  unit  activity  recorded 
in  constant  light  for  at  least  3(1  hr.  .Solid  line  is  2-h  sliding  window  averjige  with  data  grouped  in  l.l  min  intervals,  t'ircles 
are  individual  cells. 


Fig.  4.  Three  left  columns;  periodograms  of  body  temperature,  activity,  and  drinking  of  young  male  rat  YM19. 4.5  mo-old 
and  old  female  rat  OF18,  29-mo-old.  Right  column:  SCN  unit  activity  recorded  in  constant  light  for  7  h,  from  CT3-10 
on  day  1,  and  at  the  same  time  on  day  2. 
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Because  preparing  the  brain  slice  releases  each  SCN 
into  constant  environmental  conditions  in  vitro,  an 
analysis  comparing  mean  SCN  firing  rates  between  old 
and  young  rats  addresses  the  endogenous  rhythmic  prop¬ 
erties  of  the  old  vs.  young  SCN  (Fig.  3).  Parameter  values 
for  the  old  and  young  groups  were  compared  by  t  test.  The 
t  value  for  the  offset  term  was  not  significant  (P  =  0.737), 
suggesting  that  overall  firing  rates  were  not  significantly 
different  from  each  other.  This  implies  that  the  high 
firing  cells  are  not  clustered  around  a  particular  peak  but 
are  more  spread  out.  However,  the  offeet  parameter  only 
measures  overall  firing  rates  indirectly  by  adjusting  the 
fitted  curve  up  or  down  on  the  Hz  axis.  A  stronger  com¬ 
parison  of  overall  firing  rats  is  a  t  test  comparing  cell 
firing  rates  themselves.  Therefore  we  calculated  a  mean 
for  each  slice  and  compared  old  vs.  young.  There  was  no 
significant  difference  between  the  groups  (P  =  0.322). 
This  supports  ‘h^  conclusion  that  the  peaks  are  more 
scattered  in  the  old  group  rather  than  that  the  high  firing 
cells  have  disappeared. 

The  t  value  for  the  amplitude  term  was  significant  (P  = 
0.016).  The  mean  amplitude  values  were  1.375  for  the 
young  rats  and  0.876  for  the  old  rats.  This  difference 
indicates  that  the  amplitude  of  the  circadian  oscillation 
in  SCN  neuronal  firing  rates  is  attenuated  in  old  rats. 
This  change  in  amplitude  reflects  underlying  changes  in 
the  behavior  of  individual  neuronal  activities  such  that 
there  is  apparent  loss  of  coherence  of  the  timing  of  ap¬ 
pearance  of  fast  units,  producing  multiple  peaks  (Fig.  2, 
right),  as  well  as  a  general  increase  in  variance  of  the 
activity,  both  fast  and  slow,  of  the  neuronal  population  at 
any  one  time.  The  nature  of  these  differences  can  be  seen 
by  comparing  two  behavioral  rhythms  and  slice  firing 
rate  from  a  5  and  a  29-mo-old  rat  (Fig.  4).  In  these  cases 
the  units  were  recorded  for  7  h,  the  slice  was  left  un¬ 
touched  for  14  h,  and  then  recordings  were  made  again  for 
7  h  to  sample  only  the  peak  activities.  In  the  young  rat, 
the  firing  rates  on  the  second  day  were  as  high  as  on  the 
first  day.  This  is  in  contrast  to  the  old  rat:  there  was  an 
initial  drop  in  firing  rate  on  the  first  day,  which  is  never 
seen  in  slices  from  young  animals  (11),  and  there  were  no 
clear  midday  peaks.  Even  when  firing  rate  is  damped  in 
slices  from  young  rats,  a  single  major  peak  at  CT6-7  is 
still  clearly  seen.  In  any  case  the  firing  rates  on  the  second 
day  in  some  old  rats,  such  as  OF45  and  OF49,  showed  no 
such  damping  (Fig.  2). 

DISCUSSION 

There  are  two  major  points  in  this  study.  The  first  is 
that  there  is  a  loss  of  coherence  of  behavioral  rhythms  in 
aged  rats.  Circadian  rhylhmicity  in  body  temperature, 
drinking,  and  locomotor  activity  did  not  deteriorate  in 
the  same  order  in  individual  elderly  rats.  This  may  result 
from  several  causes.  Although  masking  effects  due  to  pe¬ 
ripheral  factors  may  have  contributed  to  some  disrup¬ 
tions  in  the  behavior,  they  cannot  wholly  explain  the 
aggregate  data.  The  latter  can  be  accounted  for  by  assum¬ 
ing  that  pacemaker  or  output  cells  in  the  SCN  consist  of 
coupled  oscillators.  Whenever  sufficient  numbers  of  cells 
become  damaged  or  die,  or  the  cells  lose  their  coupling 
with  each  other,  the  behavioral  rhythm  they  drive  will  be 


lost  or  weakened  while  others  remain.  In  this  sense,  aging 
can  be  considered  similar  to  partial  SCN  lesions  in  young 
rats,  reducing  either  the  number  of  oscillators  or  the  syn¬ 
chrony  between  them.  Such  lesions  have  been  found  to 
cause  differential  disruption  of  the  three  behavioral 
rhythms  measured  in  the  present  experiments  (16).  Al¬ 
though  there  are  no  experiments  characterizing  coupling 
among  individual  SCN  cells,  there  is  evidence  that  there 
are  cellular  changes  with  aging.  For  instance,  a  loss  of 
peptidergic  neurons  in  the  SCN  of  old  rats  has  been  re¬ 
ported  (3,  14).  Alternatively,  in  individual  aging  animals, 
the  target  brain  areas  for  the  three  behavioral  rhythms 
may  be  differentially  sensitive  to  signals  from  the  pace¬ 
maker. 

The  second  point  concerns  changes  in  the  activity  pat¬ 
tern  of  neurons  within  the  SCN  itself.  Examination  of 
individual  slice  activity  records  shows  that  there  are 
peaks  in  firing  rate  at  times  never  seen  in  young  rats.  The 
curve  of  the  average  firing  rate  for  the  old  rats  (Fig.  3) 
shows  that  an  underlying  circadian  rhythmicity  remains 
in  the  SCN;  peaks  occur  at  the  expected  times  on  both 
day  1  and  day  2.  The  aberrant  peaks  and  troughs  are 
superimposed  on  this  basic  rhythm.  However,  the  ampli¬ 
tude  of  the  rhythm  in  old  rats  is  significantly  damped  at 
the  normal  peak  times. 

The  functional  identity  of  SCN  neurons  based  on  firing 
pattern  is  presently  unknown  (4).  The  neuronal  activity 
rhythms  measured  here  are  most  likely  outputs  from  the 
SCN  clock  and  not  necessarily  integral  constituents  of 
the  clock  mechanism  (17).  Nevertheless,  it  may  seem  sur¬ 
prising  that  deterioration  of  circadian  rhythmicity  in  this 
output  from  the  pacemaker,  or  the  coupling  between  its 
cellular  elements,  does  not  prevent  entrainment  in  the 
overt  behavioral  rhythms.  This  may  indicate  that  differ¬ 
ent  outputs  from  the  SCN  maintain  entrainment  of  dif¬ 
ferent  rhythms.  This  hypothesis  assumes  that  the  en¬ 
training  signal  (LD)  is  capable  of  generating  rhythmic 
SCN  output  of  some  kind  even  if  the  population  of  neu¬ 
rons  within  the  SCN  does  not  sustain  an  autonomous 
rhythm.  In  any  case,  the  present  results  demonstrate  that 
there  is  no  more  correlation  between  the  output  of  the 
SCN  and  the  rhythmicity  of  the  behavioral  rhythms  than 
there  is  among  the  behavioral  rhythms  themselves.  Of 
course,  behavioral  rhythms  were  measured  under  entrain¬ 
ing  signals  that  were  not  present  in  vitro.  We  do  not  know 
whether  an  arrhythmic  SCN  in  vitro  would  have  been 
arrhythmic  under  the  entraining  conditions  in  vivo. 

Previously,  declines  in  rhNlhmicity  in  various  behav¬ 
iors  could  have  been  interj^reted  as  declines  in  homeo¬ 
static  abilities  taking  place  downstream  from  the  pace¬ 
maker.  I'he  present  results  demonstrate  that  aging  affects 
endogenous  rhythmicity  far  more  upstream,  indeed, 
within  the  SCN  itself. 
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The  geniculohypothalamic  tract  carries  visual  information  from  the  inlergcniculate  leaflet  to  the  suprachiasmatic  circadian  pacemaker.  NPY, 
found  in  this  projection,  has  been  shown  to  affect  the  phase  of  behavioral  rhythms  and  influence  photic  entrainment.  We  now  demonstrate  that 
NPY,  when  briefly  applied  to  the  geniculate  projection  sites  of  rat  SCN  in  vitro,  induces  permanent  phase-shifts  in  the  rhythm  of  neuronal 
electrical  activity  at  two  separate  phases  of  the  circadian  cycle. 


The  suprachiasmatic  nuclei  (SCN)  of  the  hypothala¬ 
mus  contain  a  circadian  pacemaker,  which  acts  to 
synchronize  rhythmic  processes  of  the  organism  with 
the  daily  rhythms  in  the  environment'”’^'’.  The  SCN 
clock  has  the  ability  to  sustain  near  24-h  oscillations  in 
isolation  from  external  time  signals''*,  but  it  can  be 
reset  by  environmental  changes  transmitted  to  the  nu¬ 
clei  by  neuronal  and  endocrine  inputs.  The  SCN  re¬ 
ceive  photic  information  via  the  retinohypothalamic 
tract  (RHT)  and  the  geniculohypothalamic  tract  (GHT). 
The  RHT  projects  bilaterally  from  the  retina  to  the 
ventrolateral  regions  of  the  SCN It  carries  pri¬ 
mary  visual  information,  about  changes  in  environmen¬ 
tal  lighting,  and  it  is  essential  for  entrainment  to  light- 
dark  cycles'''-^'’  '^  '".  Ablation  of  the  RHT  results  in  the 
loss  of  photK  entrainment  even  if  other  inputs  to  the 
SCN  arc  intact 

RHT  afferents,  the  axons  of  a  specific  subset  of 
retinal  ganglion  cells,  bifurcate  at  the  SCN  ’*’''".  Some 
of  these  projections  continue  on  to  the  lateral  genicu¬ 
late  nucleus  (LGN)  of  the  tlnilanuis.  Among  their 
postsynaptic  sites  are  neurons  of  the  intergeniculate 
leaflet  (iCrL),  The  rat  iCil,  is  a  unilorn  lamina  of 
neurons  extending  between  the  dors;il  ;uk1  ventral 
LGN" In  ;iddition  to  bilateral  retinal  effer¬ 
ents’’.  it  receives  serotonergic  inneixatiott  frmn  the 


dorsal  raphe  nuclei'""  '".  Neurons  of  the  iGL  in  turn 
project  back  to  the  SCN,  forming  the  GHT'’"'’^,  as  well 
as  to  the  pineal  gland^^,  the  source  of  the  neuroen¬ 
docrine  signal  of  darkness,  melatonin. 

The  retinorccipient  cells  of  the  iGL  are  immunore- 
active  for  neuropeptide  Y  (NPY)'’  '’  '",  and  in  the  rat 
they  predominantly  project  to  the  ventrolateral  region 
of  the  SCN  via  the  GHT,  to  overlap  with  retinal 
terminals’"’".  The  GHT  is  not  essential  for  entrain¬ 
ment  to  light-dark  cycles  but  has  been  found  to  affect 
the  size  of  the  phase-shifts  induced  by  light  pulses  as 
well  as  to  influence  photic  entrainment.  Lesions  of  the 
iGL  in  hamsters  induce  phase-shifts  in  activity 
rhythms^"  and  alter  the  rate  of  reentrainment  to  varied 
lighting  schedules’’-'’'.  Similarly,  electrical  stimulation 
of  the  GHT  results  in  phase-shifts  of  hamster  wheel 
running  rhythms*'’.  In  addition,  hamster  responses  to 
constant  light  are  affected  by  GH  T/iGL  lesions.  GHT 
Icsioned  hamsters  are  found  to  be  less  susceptible  to 
splitting  of  activity  rhythms'",  while  a  significant  num¬ 
ber  of  hamsters  with  split  rhythms  induced  under  con¬ 
stant  light  show  fusion  of  activity  rhythms  following 
such  lesions'  '. 

NPY  is  a  .Vi  amino  ;icid.  C-termimilK  ;imid;ited 
peptide  of  the  f;imil\  i  f  pancre;itie  poKpeptides''*'’'' 
th;it  is  thought  to  phiy  ;(  nuidulator\'  role  in  the  hy- 
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Fig.  1.  Phase-re.sponse  curve  for  NPY.  The  jr-axis  denotes  the 
circadian  lime  of  NPY  treatment  (h)  and  the  y-axis  indicates  the 
average  magnitude  and  direction  of  the  induced  phase-shift  (h).  The 
magnitude  of  the  shift  in  the  lime-of-peak  in  the  electrical  activity 
rhythm  was  determined  in  relation  to  time-of-peak  in  slices  treated 
with  microdrops  of  medium  alone,  Filled  circles  denote  the  mean± 
S.E.M.  phase-shift.  The  subscript  number  indicates  the  number  of 
experiments  performed  at  a  particular  circadian  lime.  Points  at  CT  0 
are  replolted  at  CT  24.  The  vertical  bar  marks  the  lime  of ‘lights-off 
and  the  horizontal  bar  represents  the  subjective  night  in  the  colony. 

Subsequently  these  were  repeated  with  lO"**  M 
NPY/EBSS.  There  was  no  observable  difference  in 
the  phase-shifts  obtained.  The  average  phase  advance 
induced  by  NPY/dHjO  at  CT  7  was  3.7  ±  0.52  h 
(n  =  3),  while  NPY/EBSS  resulted  in  a  4.0  h  advance 
in  the  time-of-peak.  Neither  of  the  solutions  induced  a 
phase-shift  in  the  electrical  activity  rhythm  at  CT  15  or 
CT  18.  All  following  time  points  were  tested  using 
NPY/EBSS;  the  results  from  both  procedures  were 
found  overlapping,  and  were  grouped  and  averaged  for 
analysis. 

We  also  addressed  the  issue  of  whether  NPY  resets 
the  pacemaker  permanently.  This  was  demonstrated  by 
recording  the  rhythm  of  electrical  activity  on  the  sec¬ 
ond  and  third  days  in  vitro,  following  treatment  at  CT 
7  on  day  1  (l-ig.  2).  The  timc-of-pcak  recorded  on  day  3 
was  at  CT  3.5  (</\  =  3.5  h),  within  the  range  of  peak 
times  recorded  on  day  2  in  separate  experiments  (aver¬ 
age  =  3.75  ±  0.46  h). 

A  dose-response  curve  was  generated  for  NPY  ad¬ 
ministered  at  C'T  7  in  microdrops,  at  4  different  con¬ 
centrations,  10  ■  M,  10  M,  10''*  M  and  10'"'  M 
(Fig.  3).  Concentrations  of  10  M  (which  were  used  in 
experiments  addressing  temporal  sensitivities)  elicited 
a  maximal  phase-shift  of  3.75  ±  0.46  h,  while  the  half 
maximal  phase  change  was  seen  near  5  X  10  M. 
These  results  demonstrated  thal  the  phase-shifting  ef¬ 
fect  of  NPY  on  the  circadian  pacemaker  is  dose  depen¬ 
dent. 

We  have  shown  that  NPY  can  play  a  regulatory  role 
in  the  mtimmalian  circadian  system  by  aflecting  the 
phase  of  the  pacemtiker  directly.  The  do.se -response 
relationship  demonstrates  that  concentrations  effective 
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Fig.  2.  NPY  induces  permanent  phase-shifts  in  vitro.  A:  rhythm  of 
endogenous  neuronal  activity  recorded  on  day  2  after  treatment  with 
microdrops  of  EBSS  on  day  1  at  CT  9.  B:  single  SCN  treated  with  a 
microdrop  of  10“'’  M  NPY  on  day  1  at  CT  7.  The  lime-of-peak  on 
day  2  tjccurrcd  .T.2.S  h  earlier  than  in  control  slices.  C:  recording  on 
day  3.  in  a  separate  experiment,  following  treatment  with  NPY  at  CT 
7  on  day  1.  resulted  in  a  3..S  h  phase-advance.  This  is  nearly  24  h 
later  than  the  average  time-of-peak  seen  on  day  2  (3.7.S  +  0.46  h). 
Filled  circles  denote  the  hourly  means  +  S.E.M.  of  the  neuronal 
activity  rhythm  recorded  on  the  second  and  third  day.  The  vertical 
bar  indicates  the  lime  of  treatment.  The  interrupted  line  shows  the 
time-of-peak  observed  in  untreated  slices  and  the  horizontal  stippled 
bar  represents  the  lime  of  the  donor's  night  in  the  colony.  The  arrow 
points  out  the  time  of  slice  preparation, 

at  inducing  phase-shifts  arc  in  a  physiological  range. 
The  actual  effective  dose  is  likely  somewhat  lower  than 
that  of  the  solution  applied  due  to  diffusion  away  from 
the  site  of  microdrop  application.  Administration  of 
microdrops  of  NPY  at  the  GHT  projection  sites  re¬ 
sulted  in  permanent  advancing  of  the  circadian  clock 
during  the  mid  to  late  subjective  day  and  at  the  end  of 
the  subjective  night. 

There  is  notttble  similarity  between  the  dtiytime 
sensitivity  of  the  SCN  to  direct  application  of  NPY  and 
the  daytime  responses  of  animals  to  dark  pulses'  or  to 


NPY  (M) 

I'iii.  3.  NPY  ilo'-c  response  enne  Slices  weie  ire.iled  will)  ilillerenl 
conecDliiitions  ol  NP'i  r;tngine  tion)  111  '  M  to  ID  M  at  ("1  7. 
I'he  )-axis  ilenoles  the  Nl*^  ei'iieenlralioii  (Ml  adinimsleiecl  while 
ihe  \-axis  imliciiles  the  phasc-Nhilt  resptxise  (h).  I  he  iDauiiiluDe  ol 
llie  phase  shill  in  the  linte-of-pe.ik  was  detei mined  in  rehilion  It)  Ihe 
peak  lime  in  veliiele  nnerodiop-iieated  control  slices.  I  dled  ciiclcs 
represent  the  mean  r  S.I  .M.  phasc-shili.  1  he  suI)scm|)|  mimbci  indi¬ 
cates  the  mmiher  ol  evpcrinicnis  pciioimetl  at  a  p.nliculai  concen 
Dalion. 
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entrained  12L:  12D  cycle,  by  7-3  h  at  dusk  and  4-0  h 
at  dawn.  Interestingly,  these  NPY  sensitive  periods 
occur  just  before  the  rat  SCN  shows  sensitivity  to  the 
pineal  hormone,  melatonin’^’\  the  neuroendocrine 
signal  of  darkness.  Because  these  sensitive  periods  are 
no  doubt  driven  by  the  SCN  clock,  this  observation 
raises  the  possibility  that  the  substrates  underlying 
these  sensitivities  are  sequentially  linked  in  the  clock’s 
mechanism. 

This  study  has  confirmed  that  NPY  can  play  a 
regulatory  role  in  the  mammalian  circadian  system. 
Further,  we  have  established  the  circadian  timing  of 
sensitivities  to  NPY,  which  anticipate  the  transitions  in 
the  entraining  light-dark  cycle.  While  NPY  is  not 
essential  for  generating  circadian  rhythmicity,  there  is 
increasing  evidence  suggesting  that  it  is  an  integral 
element  of  the  circadian  system,  providing  behavior- 
coupled  photic  signals  necessary  for  everyday  entrain¬ 
ment  to  the  environment. 

We  would  like  to  thank  Dr.  Eve  Gallman  and  Angela  J.  McArthur 
for  their  helpful  discus.sions.  Support  of  AFOSR  Grant  90-()2().S  to 
M.U.G.  and  NIH  Grant  TO  GM07l4.t  to  M.M.  is  gratefully  ac¬ 
knowledged. 
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CIRCADIAN  PATTERNS  OF  SUPRACHIASMATIC  NEURONAL  ACTIVITY  AND 

SENSITIVITY 

Martha  U.  Gillette 

Dept  of  Cell  &  Stnictural  Biology  and  College  of  Medicine,  S06  Morrill  Hall 
505  S.  Goodwn  Avenue,  University  of  Illinois,  Urbana,  IL  61801 

The  central  role  of  the  suprachiasmatic  nuclei  (SCN)  in  regulating  circadian  rhythms  is  well  established.  We 
have  been  using  a  hypothalamic  brain  slice  preparation  to  study  the  temporal  organization  of  rat  SCN  neuronal 
properties.  This  approach  enables  us  to  deterinine  properties  endogenous  to  the  SCN. 

All  experiments  were  performed  on  tissue  from  our  inbred  colony  of  Long  Evans  rats,  6-8  months  of  age.  Rats 
are  rerued  in  a  12L;  12D  schedule  and  fed  ad  libitum.  Coronal  slices  of  SCN-bearing  hypothalamus  (500  pM  thick, 
containing  less  that  the  entire  anterior-posterior  extent  of  SCN)  are  placed  in  a  perU'usion-interface  chamber  where 
they  are  maintain  at  37°C,  bathed  in  Earles'  Balanced  Salt  Solution  (Sigma)  supplemented  to  a  final  concentration 
of  24.6  mM  glucose,  26.2  mM  bicarbonate  (pH  7.4)  and  gentamicin  (0.0005%,  Sigma)  and  exposed  to  a  moist 
atmosphere  of  95%  02:5%  CO2.  Slices  have  been  studied  for  up  to  53  hr.  Spontaneous  neurond  firing  of  single 
neurons  is  studied  by  extracellular  recording  techniques  over  the  course  of  successive  days  in  vitro.  Averaged 
firing  fr^uencies  for  individual  neurons  are  used  to  study  the  circadian  rhythms  of  electical  activity  and  its 
modulation  by  cellular  agents.  Additionally,  whole  cell  recording  with  patch  electrodes  is  used  to  assess  the 
electrical  properties  of  individual  SCN  tteurons. 

SCN  generate  near  24-hr  oscillations  in  ensemble  neuronal  firing  rate  for  at  least  3  days  in  vitro.  The  rhythm  is 
sinusoidal,  with  peak  activity  appearing  at  CT  7.0  ±  0.1  *  (CT=citcadian  time,  starting  at  CT  0  with  "lights  on"  in 
the  colony,  and  continuing  for  24  hr).  The  lime  of  peak  activity  of  the  neuronal  population  is  stable  across  multiple 
cycles  and  predictable  between  animals,  thus  is  used  as  a  marker  of  phase.  Individual  neurons,  however,  exhibit 
diversity  in  their  electrical  properties,  including  firing  rate,  pattern  and  response  to  imposed  current,  at  any  one 
point  in  the  circadian  cycle.  Further,  there  is  temporal  change  in  electrical  properties  over  the  course  of  the 
circadian  cycle.^  Both  membrane  potential  and  conductance  show  significant  circadian  variation,  which  may 
underlie  circadian  differences  in  responses  to  excitatory  and  inhibitory  neurotransmitters. 

In  addition  to  changes  in  neuronal  activity,  the  SCN  in  vitro  undergo  sequential  changes  in  sensitivities  to 
resetting  agents  over  the  24-hr  circadian  cycXt.  During  the  subjective  day  the  SCN  clock  progresses  t^ugh 
periods  of  sensitivity  to  cAMPl,  serotonin^,  neuropeptide  Y^,  and  then  to  melatonin  at  dusk^,  while  during  the 
subjective  night  sensitivity  to  cGMP^  is  follow^  by  another  period  of  sensitivity  to  melatonin  at  dawn^. 
Intriguingly,  agents  that  selectively  stimulate  cAMP  or  cGMP  pathways  have  sensitive  periods  reminiscent  of 
daytime  and  nighttime  phase-shifting  agent  in  vivo.  These  findings  emphasize  that  the  fundamental  properties  of  a 
circadian  clock  survive  in  the  SCN  in  vitro.  Understanding  the  cellular  mechanisms  that  generate  these 
endogenous  changes  in  the  SCN  time-keeping  mechanism  are  basic  to  understanding  the  SCN's  integrative  and 
regulatory  role  for  organismic  rhythms  such  as  sleep. 

^Prosser,  R.A.  and  M.U.  Gillette.  J.  Neurosci.,  1989,  9:1073-1081 
^Gallman,  E.A.  and  M.U.  Gillette.  Soc.  Res.  Biol.  Rhythms  Abst.,  1992,  3:  29 
^Mcdanic,  M.  and  M.U.  Gillette.  J.  Physiology  (London.),  1992, 450:  629-642 
'^Medanic,  M.  and  M.U.  Gillette.  Soc.  Res.  Biol.  Rhythms  Abst.,  1992,  3:  104 
^McArthur,  A.J.,  M.U.  Gillette  and  R.A.  Prosser.  Brain  Res.,  1991,  565:  185-192. 

^Pro.s.ser,  R.A.,  A.l.  McArthur  and  M.U.  Gillette.  Proc.  Natl.  Acad.  Sci.  USA,  1989,  86:  6812-6815. 
^McArthur,  A.l.  and  M.U.  Gillette.  Soc.  Neurosci.  Abst.,  1992,  18:  879. 
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GLUTAMATE  INDUCES  LIGHT-LIKE  PHASE  SHIFTS  IN  THE 
RAT  SCN  IN  BRAIN  SLICE.  J.  M.  Ding*  and  M.  U.  Gillette. 
Dept,  of  Cell  &  Structural  Biology  and  Neuroscience  Program, 
University  of  Illinois,  Urbana,  IL  61801. 

The  suprachiasmatic  nucleus  (SCN)  receives  direct  visual  input 
via  the  retino-hypothalamic  tract  (RHT).  A  number  of  behavioral, 
electrophysiological,  and  immunocytochemical  studies  suggest  that 
glutamate  (GLU)  may  play  a  role  in  photo-entrainment  through 
the  RHT  pathway.  We  examined  the  effect  of  GLU  on  the  phase 
of  circadian  rhythm  of  the  electrical  activity  of  the  SCN  in  brain 
slice.  Hypothalamic  slices  containing  SCN  from  7-10  wk  male  LrE 
rats  in  12L:12D  were  treated  focally  with  1  pi  GLU  (lO^^-lO"^  M, 
pH  7.4)  for  10  min  at  different  circadian  times  (CT).  The  phase  of 
the  circadian  rhythm  was  determined  by  measuring  the  time-of- 
peak  of  the  spontaneous  discharge  rate  of  the  SCN  in  brain  slice. 
The  phase  response  curve  (PRC)  induced  by  GLU  resembles  the 
light-induced  PRC  with  a  maximum  4  hr  4)^  at  CT  19  and  a  3  hr 
4)d  at  CT  14-15.  No  phase  shift  was  induced  in  the  subjective  day. 
This  supports  a  role  for  GLU  in  photo-entrainment  directly  at  the 
SCN.  Furthermore,  when  GLU  was  applied  at  CT  17,  the 
potential  phase  delay  or  advance  transitional  zone,  multiple  peaks 
of  firing  rate  occurred,  suggesting  that  within  this  particular  time 
frame,  the  SCN  might  be  intrinsically  programmed  to  be  able  to 
shift  to  either  direction.  (Supported  by  AFOSR  grant  90-0205). 


1.  Circadian 

3.  Brain  Slice 

2.  Glutamate 

: . ..  A  Suprachiasmatic  Nucleus _ _ 

1  1 

Signature  of  Society  for  Neuroscience  member  required  below.  No  member  may  sign  more  than  one  abstract.  The  signing  member 
must  be  an  author  on  the  paper  and  an  asterisk  must  be  placed  after  the  sponsor’s  (signing  member)  name  on  the  abstract. 


Themes  and  Topics _ 

See  list  of  themes  and  tqjics,  pp.  17-18. 
Indicate  below  a  first  and  second  choice 
appropriate  for  programming  and 


publishing  your  paper. 

1st  theme  titk-Neural  Basis 


of  Behavior 

theme  letten  I 

w#nnir»!#L.Bioloqical  Rhvthn 

and  Sleep 

_  topic  numhetj.23 

2nd  theme  tMe:  Other  Systems 
of  the  CNS  theme  letten  H_ 
2nd  topic  titip  HVPOthdl  ditlUS 
_ topic  nunibcrj.13 


Special  Requests  (e.g.,  projection/ 
video  requirements) 


Include  nonrefundable  ABSTRACT  HAND¬ 
LING  FEE  of  J30  payable  lo  the  Society  for 
Neuroscience.  IN  UA  DOLLARS  DRAWN  ON 
A  us.  BANK  ONLY.  Submission  of  abstract 
handling  fee  does  not  include  registration  for  the 
Annual  Meeting. 

KEY  WORDS:  (see  instructions  p.  4) 


SMALLEST 

RECOMMENDED 
TYPE  SIZE:  10  POINT 

POSTMARK 

DEADUNE: 

SAMPLE: 

1993  Annual  Meeting 
Washington,  D.C. 
November  7-12, 1993 

MONDAY,  MAY  3, 1993 

First  (Presentmg)  Author 

Provide  fiill  name  (no  initials),  address,  and  phone  numbers  of 
first  author  on  abstract  You  may  present  (first  author)  only  one 
abstract  (Please  type  or  print  in  black  ink.) 

Jian  M.  Ding _ 

Dept,  of  Cell  &  Structural  Biology 
506  Morrin  Hall _ 

University  of  Illinois _ 

Urbana,  IL  61801  Fr.v  /217  >244-1648 
Office:  ( ^ )  244-1842  Home:  (  217_ )  356-1274 


Presentation  Preference 

I  Check  one:  Imposter  □  slide 


_ Check  here  if  this  is  a  RE¬ 
PLACEMENT  of  abstract  aub- 
mitted  earlier.  REMIT  a  nonre- 
fundable$30foreach  replaoement 
abstract 

Reptaoement  abstracts  must  be 
RECEIVED  by  MAY  11, 1993. 


1993  ABSTRACT  FORM 

Read  all  instructions  before  typing  abstract 
See  Caff  fbr  Abstracts  and  reverse  of  this  sheet 
Complete  abstract  and  all  boxes 
at  left  and  below  before  making  copy 
(please  type  or  print  in  black  ink). 


-0  2tx 


First  (Presenting)  Author _ 

Provide  full  name  (no  initials),  address,  and  phone  numbers  of 
first  author  on  abstract.  You  may  present  (first  author)  only  one 
abstract  (Please  type  or  print  in  black  ink.) 

•  (J  ef  J _ 

S~ 0/>.  /'VOgAtCc  _ 

S-  6o%oo.«rA/ _ 


OiAArr/s-  IC  Ol?Ol  Fax KtHj 
nmce:(  211-  \  3.ss-tgy?  Hnnie  f:ti^  )6i3-a.at7 

Presentation  Preference  _ 

I  Check  one:  □  poster  ©slide 


_ Check  here  if  this  is  a  RE¬ 
PLACEMENT  of  abstract  sub- 
mitled  earlier.  REMIT  a  iMnre- 
fundable$30foreach  replaoement 
abstract 

Replaoement  abstracts  must  be 
RECEIVED  by  MAY  11. 1993. 


SMALLEST 
RECOMMENDED 
TYPE  SIZE:  10  POINT 

SAMPLE: 

1993  Annual  Meeting 
Washington,  D.C. 
November  7-12, 1993 

An  asterisk  must  be 
(signing  member) 


POSTMARK 

DEADUNE: 

MONDAY,  MAY  3, 1993 


placed  after  the  sponsor’s 
name  on  the  abstract. 


Themes  and  Topics _ 

See  list  of  themes  and  topics,  pp.  17-18. 
Indicate  below  a  first  and  second  choice 
appropriate  for  programming  and 
publishing  your  paper. 


1st  theme  title: 
Ce*Ahm  orv. 


.theme  letten.^ 


MC  numbeni^ 


2iid  theme  title:  0V1t«r  M  yyMS 
S _ theme  letter  Jti. 

2lld  tnpir  fhle  3 

_ topic  number 

Special  Requests  (e.g.,  projection/ 
video  requirements) 


Indude  nonrefundable  ABSTRACT  HAND¬ 
LING  FEE  of  $30  payable  to  ihe  Sodcly  for 
Neurosdence,  IN  U.S.  DOLLARS  DRAWN  ON 
A  DA  BANK  ONLY.  Submission  of  abstract 
handling  fee  docs  not  include  registration  for  the 
Annual  Meeting. 

KEY  WORDS:  (sec  instructions  p.  4) 


CIRCADIAN  MODULATION  OF  MEMBRANE  PROPERTIES 
OF  SCN  NEURONS  IN  RAT  BRAIN  SLICE  E.A.  Gallman'  and 
M.U.  Gillette.  Depts  of  Cell  &  Structural  Biology  and  Physiology 
&  Biophysics,  Univ.  of  Illinois,  Urbana,  IL»  61801. 

The  suprachiasmatic  nuclei  (SCN)  in  rat  are  the  neuroanatomic 
substrate  for  a  pacemaker  underlying  circadian  rhythmicily.  The 
mechanisms  responsible  for  circadian  rhythmicity  are  unknown. 
Mean  firing  frequency  of  SCN  neurons  varies  in  a  circadian 
pattern,  with  peak  activity  occurring  near  the  middle  of  subjective 
day,  both  in  vivo  and  in  the  in  vitro  hypothalamic  brain  slice.  We 

employed  whole  cell  recording  in  the  _ 

rat  brain  slice  to  examine  possible  ^  100 1 — ^ 

mecham'sms  for  modulation  of  firing  >  1 

rate,  as  such  mechanisms  may  reflect  ^  j  lAj 

underlying  organization  of  the  I  T\j  ;  \ 

circadian  clock.  We  found  “  k|/ 

statistically  significant  changes  in  g 
membrane  potential  and  specific  ft  20  — ■ — ■—I — ■ — ^ — 

,  ,  0481216  20  24 

mciTiDrHnc  conductance  wnicn  circadian  time 

paralleled  the  changes  in  firing  rate. 

Membrane  potential  was  more  negative  at  CT  14-18  than  at  CT  6- 
10.  Specific  membrane  conductance  was  low  at  CT  6-10  and  high 
at  CT  14-18  (Figure).  We  are  investigating  the  ionic  conductances 
underlying  these  observations.  AFOSR-90-0205  &  PHS  NS  22155. 
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RAT  SUPRACHIASMATIC  CIRCADIAN  PACEMAKER  SHOWS 
TWO  WINDOWS  OF  SENSITIVITY  TO  NPY  IN  VITRO.  M 
Medanic*  &  M.U.  Gillette.  Depts  of  Physiology  &  Biophysics,  and 
Oil  &  Structural  Biology,  Univ.  of  Illinois,  Urbana,  IL>  61801. 

Neuropeptide  Y  (NPY),  present  in  the  geniculo-hypothalamic 
tract  to  the  suprachiasmatic  nuclei  (SCN),  is  thought  to  influence 
photic  as  well  as  behavioral  entrainment  in  the  mammalian 
ci  ^'an  system.  We  have  examined  the  role  of  NPY  in  rats  by 
studying  its  effect  on  the  electrical 

activity  rhythm  of  SCN  neurons  in  g _ 

vitro.  The  SCN,  isolated  in  ^ 

hypothalamic  brain  slices  from  Long  ^  ^  ^  ^ 

Evans  rats  (12L:12D),  were  briefly  I  , 

treated  with  a  microdrop  of  NPY  to  •  " 

the  geniculate  projection  sites,  at  11  ^o  *  '*4 

time  points  across  the  circadian  cycle.  o  *  b  «  lo  zo  24 

The  effects  of  this  treatment  on  the  circadian  twk  wr) 

electrical  activity  rhythm  were 

assessed  extracellularly  on  day  2  and  3  in  vitro.  Phase  shifts  were 
determined  by  comparing  the  time-of-peak  in  NPY  vs.  vehicle 
treated  slices.  A  microdrop  of  10“^  M  NPY  was  found  to  induce 
phase-shifts  between  CT  5-9  and  CT  21-24,  demonstrating  two 
windows  of  SCN  sensitivity  which  precede  photic  transitions  in  the 
entrained  day-night  cycle.  (Supported  by  AFOSR  Grant  90-0205). 
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DO  THE  SUPRACHIASMATIC  NUCLEI  OSCILLATE  IN  OLD  RATS  AS  THEY 
DO  IN  YOUNG  ONES?  E.  Satinoff*.  H.  U.  C.  Uu.  A  McArthur.  M.  Medanic.  T. 
Tchena  and  M.  U.  Gillette.  Depts  of  Psychology,  Physiology,  Cell  and 
Structural  Biology  and  Neurosci.  Prog.  Univ.  Illinois.  Champaign.  IL  61820 

The  basis  of  the  decline  in  circadian  rhythms  with  aging  was  addressed  by 
comparing  three  behavioral  rhythms  in  young  and  old  rats  with  the  rhythm  of 
neuronal  activity  (NA)  in  the  suprachiasmatic  nuclei  (SON),  the  primary 
circadian  pacemaker.  In  some  old  rats,  rhythms  of  body  temperature,  drinking 
and  activify  retained  significant  24-h  periodicities  in  LO  cycles;  in  others  one 
or  two  of  the  rhythms  became  aperiodic.  When  these  rats  were  23-27.5  mo 
old,  they  were  sacrificed,  single  unit  firing  rates  in  SON  brain  slices  were 
recorded  for  30  h.  and  NA  running  averages  were  determined.  NA  from  rats 
with  prior  aperiodic  behavioral  rhythms  was  erratic.  NA  from  rats  that  still  had 
24-hr  behavioral  rhythmicity  at  the  time  of  sacrifice  was  erratic  in  most  cases 
but  normally  rhythmic  in  others.  Thus,  there  was  no  more  congruence 
between  the  behavioral  rhythms  and  the  brain  slice  rhythms  than  there  was 
among  the  behavioral  rhythms  alone. 

Because  the  brain  slice  releases  each  SON  into  constant  environmental 
conditions  in  vitro,  we  compared  the  data  for  SCN  NA  between  groups  of  old 
and  young  rats.  While  both  groups  showed  well  defined  peaks  in  ensemble 
neuronal  firing  rates  on  day  1  in  vitro  at  the  expected  time,  the  mean  rhythms 
of  the  old  SCN  were  damped  (p  <  0.001)  for  the  time  bins  that  span  time  of 
peak  activity,  from  CT  4-10.  On  day  2  in  vitro,  the  old  rats’  mean  NA  was  so 
damped  (p  <  0.001)  that  a  peak  was  barely  discernable.  This  change  in 
amplitude  reflects  underlying  changes  in  the  behavior  of  individual  NA  such 
that  there  is  apparent  loss  of  coherence  of  the  timing  of  appearance  of  fast 
units,  producing  multiple  peaks,  as  well  as  a  general  decrease  or 
disappearance  of  the  most  rapidly  firing  cells. 


Signature  of  Society  for  Neuroscience  member  required  below.  No  member  may  sign  more  than  one  abstract.  The  signing  member 
must  be  an  author  on  the  paper  and  an  asterisk  must  be  placed  after  the  sponsor’s  (signing  member)  name  on  the  abstract. 


The  siting  member  oertihoi  that  any  work  with  human  or  animal  subjects  related  in  this  abstract  complies  with  the  guiding  policies  and  principles  for  experimental 
^res  edOoned  by  signature  acknowledges  that  each  author  on  this  abstract  has  grven  consent  to  appear  as  an  author.  ^ 

_ ^ t/'g' lv V  ,  in  ^ 

Nc^nscicnce  mcmber’s^i^aiure  ftinted  or  typed  name  Telephone  number 


